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LOW TEMPERATURE INJURIES IN 
CHLAMYDOMQNAS REINHARDTII (CW15+). 
Susan Penelope Sara Roberts 
ABSTRACT 
The responses of Chlamydomonas r e i n h a r d t i i CW15+ (a 
w a l l - l e s s mutant) to f r e e z i n g s t r e s s have been examined/ 
Tests f o l l o w i n g f r e e z i n g of bulk (0.5ml) samples r e v e a l 
the e x i s t e n c e of an optimum c o o l i n g r a t e f o r p r e s e r v a t i o n 
of v i a b i l i t y , c l o s e to l^C m i n - i . 
D i r e c t observation of c e l l s during f r e e z i n g and 
thawing on a cryo l i g h t microscope have allowed d i f f e r e n t 
forms of i n j u r y to be c l a s s i f i e d . 
At suboptimal c o o l i n g r a t e s , r e d u c t i o n i n surface area 
during shrinkage can be achieved by severe d i s t o r t i o n or 
by the formation of l a y e r e d stacks of membrane. L e t h a l 
i n j u r y i s not evident u n t i l thawing takes p l a c e . The 
ma n i f e s t a t i o n of i n j u r y depends upon the s e v e r i t y of the 
f r e e z i n g treatment. The f i r s t symptom of i n j u r y i s 
membrane blebbing at the c e l l s u r f a c e , l e a d i n g to s w e l l i n g 
of the e n t i r e c e l l , f o l l o w e d by c o l l a p s e . The membrane 
in v o l v e d i n the s w e l l i n g might o r i g i n a t e i n the 
mitochondrion and c h l o r o p l a s t envelope. Regions of f u s i o n 
between membrane of these o r g a n e l l e s and the plasma 
membrane have been observed during rewarming by e l e c t r o n 
microscopy. Fluorescent markers of the m i t o c h o n d r i a l 
membrane have been detected i n the membrane i n v o l v e d i n 
blebbing. Further damage during slow c o o l i n g c o n t r i b u t e s 
to r a p i d l y s i s on re-expansion. I f the f r e e z i n g treatment 
i s s t i l l more severe, osmotic unresponsiveness w i l l 
r e s u l t . 
At supraoptimal c o o l i n g r a t e s l o s s i n v i a b i l i t y i s 
a s s o c i a t e d with i n t r a c e l l u l a r f r e e z i n g . 
These responses have been examined i n the l i g h t of 
a v a i l a b l e data regarding the freeze-thaw responses of 
higher p l a n t p r o t o p l a s t s . The f i r s t symptom of damage seen 
i n ' C reinhardtii i e . t h a t of blebbing and^ .- massive 
s w e l l i n g , .is not common to both systems. Thus general 
r u l e s concerning the responses of p l a n t c e l l s to f r e e z i n g 
s t r e s s e s cannot be made by using e i t h e r of these 
p r o t o p l a s t s as a model system, although each may be u s e f u l 
f o r study of p a r t i c u l a r aspects of higher p l a n t and a l g a l 
c e l l f r e e z i n g , as separate i n v e s t i g a t i o n s . 
ABBREVIATIONS USED AS FIGURE LABELS 
C c h l o r o p l a s t 
c.e. c h l o r o p l a s t envelope 
C . V . ' c o n t r a c t i l e vacuole 
c.w. c e l l w a l l 
e.r. endoplasmic r e t i c u l u m 
e.s. eyespot 
f f l a g e l l u m 
G g o l g i apparatus 
m mitochondrion 
m.c.u. m u l t i c e l l u l a r u n i t 
mt.' microtubules 
N nucleus 
P pyrenoid 
p.m. plasma membrane 
s s t a r c h g r a i n 
Th. t h y l a k o i d s 
V vacuole 
ve. v e s i c l e s 
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INTRODUGTION 
The aim of t h i s p r o j e c t i s to increase the l e v e l of 
understanding regarding the c r y o p r e s e r v a t i o n of p l a n t 
c e l l s , by i d e n t i f y i n g the i n j u r i e s s u s t a i n e d by a c e l l 
during f r e e z i n g and thawing. This knowledge w i l l be of 
immediate i n t e r e s t to those p l a n t b i o l o g i s t s concerned 
with the development of c r y o p r e s e r v a t i o n techniques but 
w i l l a l s o form p a r t of a wider pool of inf o r m a t i o n of 
i n t e r e s t to c r y o b i o l o g i s t s working i n a number of 
s p e c i a l i s e d f i e l d s . 
1 . i . Temperature. 
- Temperature i s one of the most important environmental 
i n f l u e n c e s on the growth and s u r v i v a l of organisms. The 
range of temperature over which growth may occur i s 
approximately - 1 2 ° C to 100°G, although no s i n g l e organism 
can withstand the whole of t h i s temperature range (Brock, 
1979). Thermophilic b a c t e r i a can grow i n thermal s p r i n g s 
w i t h temperatures as high as l O l o Q and some i n s e c t pupae 
s u c c e s s f u l l y overwinter at temperatures below -60oC 
(Morris & Cla r k e , 1981) . Where f l u c t u a t i o n s i n 
temperature take p l a c e , organisms may have adapted to 
su r v i v e i n a dormant s t a t e at low temperature eg. the 
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u n i c e l l u l a r green a l g a Chlamydomonas n i v a l i s can grow on 
the surface of snow f i e l d s and g l a c i e r s , but overwinters 
at extreme temperatures i n the form of zygotes. For many 
temperate, herbaceous p l a n t s the seed h a b i t a c t s i n a 
s i m i l a r f a s h i o n . 
Each organism has a maximal, minimal and optimal 
temperature f o r growth, the optimal f a l l i n g between 5°C 
and 80°C, At suboptimal temperatures, p h y s i o l o g i c a l 
processes slow down and are completely h a l t e d at 
temperatures- below -150°C (Mazur, 1966). At subzero 
temperatures a p r o b a b i l i t y of i c e formation w i t h i n , or at 
e x t e r n a l surfaces of, an organism e x i s t s , i n c r e a s i n g with 
drop i n temperature. Both prolonged undercooling and 
f r e e z i n g occasioned by the low temperature s t r e s s may 
r e s u l t i n c r i t i c a l i n j u r y i f adaptive mechanisms are not 
i n v o l v e d . In p l a n t b i o l o g y the a b i l i t y to withstand 
exposure to low temperatures i s of prime importance i n the 
p r o g r e s s i o n a l development of a g r i c u l t u r e / h o r t ' i c u l t u r e , 
and f o r genetic c o n s e r v a t i o n f o r p l a n t improvement and 
support of i n d u s t r i a l biotechnology (Grout, 1987, Withers, 
1987) . 
1.2. Environmental e f f e c t s of low temperatures on p l a n t s . 
Environmental low temperature s t r e s s e s can be d i v i d e d 
i n t o c h i l l i n g s t r e s s and f r e e z i n g s t r e s s . 
C h i l l i n g s t r e s s depends on reduced temperatures per 
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se, below about 15?C and above the f r e e z i n g p o i n t of the 
t i s s u e . R e s u l t s can be complex, a f f e c t i n g d i f f e r e n t 
c h i l l i n g - s e n s i t i v e p l a n t species i n d i f f e r e n t ways. I n 
some species c h i l l i n g i n j u r i e s may r e s u l t from the e f f e c t s 
of low temperature on the f l u i d i t y of membrane l i p i d s 
whereas i n others the primary e f f e c t s of lowered 
temperatures may be on non-membrane p r o t e i n s , cytoplasm or 
cy t o s k e l e t o n . These changes, which occur during c h i l l i n g , 
l e a d to metabolic imbalance, i o n leakage or membrane 
breakdown, which may prove l e t h a l {Wilson, 1987). Symptoms 
of i n j u r y can take from a few hours to s e v e r a l months to 
occur. 
Freezing s t r e s s i s a consequence of the f r e e z i n g of 
s o l u t i o n s w i t h i n the p l a n t or adjacent t o i t s e x t e r n a l 
surfaces.- Again, r e s u l t s are complex, i n v o l v i n g a number 
of p h y s i c a l and chemical changes t a k i n g place w i t h i n the 
t i s s u e s . Many p l a n t s have developed n a t u r a l r e s i s t a n c e 
e i t h e r by avoiding f r e e z i n g , f o r example by the production 
of low water content seeds, or by t o l e r a t i n g f r e e z i n g 
( L e v i t t , 1980). 
Freezing t o l e r a n c e i s something of a misnomer i n tha t 
f r e e z i n g - t o l e r a n t p l a n t s are not g e n e r a l l y able to 
withstand i n t r a c e l l u l a r f r e e z i n g but are able to avoid i t 
by the formation of i c e i n the i n t e r c e l l u l a r spaces. This 
leads to osmotic water l o s s from the c e l l s , reducing the 
l i k e l i h o o d of i n t r a c e l l u l a r f r e e z i n g . Thus, at t y p i c a l 
environmental temperatures, i n j u r y can be avoided i f the 
p l a n t i s r e s i s t a n t to the mechanical and osmotic e f f e c t s 
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imposed by e x t r a c e l l u l a r f r e e z i n g (Burke et al., 1976, 
Grout, 1987). • 
Crop p h y s i o l o g i s t s have undertaken extensive research 
i n t o the harmful e f f e c t s of environmental c h i l l i n g and 
f r e e z i n g , w i t h the aim of i n c r e a s i n g crop hardiness. I t i s 
p r e d i c t e d that a 2°C increase i n the f r o s t r e s i s t a n c e of 
wheat could increase world wheat production by between 25% 
and 40%, by extending c u l t i v a t i o n i n t o areas which are. at 
present marginal because of c o l d s t r e s s (Welser, 1978). I t 
has a l s o been c a l c u l a t e d t h a t a drop of 0.5-l°C i n world 
mean temperature would r e s u l t i n a 45% decrease i n world 
r i c e production (Weiser, 1982). There i s , understandably, 
great s c i e n t i f i c and economic i n t e r e s t i n the e f f e c t s of 
f r e e z i n g and low temperatures on important food crops. 
1.3. Cryopreservation. 
The removal of heat from a system r e t a r d s metabolism 
by reducing the number of a c t i v a t e d molecules a v a i l a b l e to 
take part i n p h y s i o l o g i c a l processes. 
At s u f f i c i e n t l y low temperatures metabolic processes 
are e f f e c t i v e l y h a l t e d , which may allow f o r the prolonged 
storage of b i o l o g i c a l m a t e r i a l i f v i a b i l i t y can be 
preserved. E x p l o i t a t i o n of u l t r a - l o w temperatures eg. 
l i q u i d n i t r o g e n (-196°C) may add genetic s t a b i l i t y to such 
a storage system. I t has been c a l c u l a t e d t h a t with 
background i r r a d i a t i o n at the cu r r e n t l e v e l the median 
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l e t h a l dose f o r raammaiian t i s s u e c u l t u r e c e l l s s t o r e d i n 
l i q u i d n i t r o g e n w i l l accumulate w i t h i n 10,000 years 
(Ashwood-Smith & Grant, 1977). S u i t a b l e c r y o p r e s e r v a t i o n 
p r o t o c o l s have been e s t a b l i s h e d f o r a wide v a r i e t y of 
d i f f e r e n t c e l l s , t i s s u e s , o r g a n e l l e s , organs and even 
organisms (Ashwood-Smith and F a r r a n t , 1980). These have 
f r e q u e n t l y i n v o l v e d the use of c e r t a i n a d d i t i v e s which 
have been discovered to possess c r y o p r o t e c t i v e p r o p e r t i e s , 
eg g l y c e r o l (Polge et a i . , 1949) and dimethyl sulphoxide 
(Lovelock and Bishop, 1959), and the manipulation of 
p h y s i c a l v a r i a b l e s , e s p e c i a l l y c o o l i n g r a t e . The 
outstanding success has been i n the medical and veterinary 
sciences, and the b e n e f i t s are obvious. Less e f f o r t has 
been d i r e c t e d i n t o the c r y o p r e s e r v a t i o n of p l a n t c e l l s and 
t i s s u e s . There i s p o t e n t i a l l y great importance i n the use 
of c r y o p r e s e r v a t i o n techniques w i t h i n the f i e l d of 
a g r i c u l t u r e , as trends i n crop breeding, w i t h the 
s u b s t i t u t i o n of c u l t i v a r s f o r w i l d v a r i e t i e s w i l l l e a d to 
a l i m i t e d gene pool and the e x t i n c t i o n of c e r t a i n 
v a r i e t i e s . However, the d i r e c t a p p l i c a t i o n of methods 
evolved f o r mammalian c e l l types, where the recovery of 
f u n c t i o n i s o f t e n the major requirement, can be 
u n s a t i s i f a c t p r y f o r the storage and recovery of p l a n t 
m a t e r i a l where high l e v e l s of recovery from 
c r y o p r e s e r v a t i o n are necessary i n order to avoid 
unrequired s e l e c t i o n and consequent v a r i a t i o n i n genotype 
(Withers, 1982, 1987). 
Further progress i n the development of s u c c e s s f u l 
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CONSECUTIVE OBSERVATIONS OF A FROZEN CELL SAMPLE BY CRYOGENIC 
LIGHT MICROSCOPY AND CRYOGENIC SCANNING ELECTRON MICROSCOPY 
Sara Robertsi*, Brian W W Grouti and G John Morris2. 
1 Department of B i o l o g i c a l Sciences, Plymouth Polytechnic, 
Drake Circus, Plymouth, PL4 8AA, UK. • 
2C e l l Systems Ltd, Cambridge Science Park, Milton Road, 
Cambridge, CB4 4FY. 
SUMMARY 
Morphological responses of a u n i c e l l u l a r alga to freezing 
were observed using a cryogenic l i g h t microscope. The sample 
was rapi d l y freese-fixed f o r subsequent observation i n a 
cryogenic scanning electron microscope. 'The po t e n t i a l of 
t h i s dual observation technique i n studies of c e l l u l a r 
response to environmental stress i s discussed. 
KEY WORDS 
Controlled freezing, a l g a l u n i c e l l s , morphology, 
cryomicroscopy, SEM, l i g h t microscopy. 
INTRODUCTION ' -
Advances i n l i g h t microscopy have enabled d i r e c t observations 
of freese-thaw cycles to be made on a contr o l l e d temperature 
specimen stage of a cryogenic l i g h t microscope using 
transmitted l i g h t (cryo-LM: 1,2,3,4). This technique allows 
data concerning gross c e l l u l a r morphology to be co l l e c t e d , 
but information concerning 3-dimensional structures i s 
li m i t e d as the depth-of focas i n the l i g h t microscope, at-the 
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required magnifications, allows l i t t l e more than an 
apparently 2-dimensional image. 
Results from such a system may be r e s t r i c t e d or 
misinterpreted f o r a number of reasons. F i r s t l y , information 
may not be available due to the l i m i t a t i o n s imposed by the 
shallow depth of focus. Secondly, the resolving power of the 
l i g h t microscope may l i m i t the information available and 
t h i r d l y , f o r p r a c t i c a l reasons r e l a t i n g to specimen/objective 
geometry, cells, close to the cover s l i p are seen with greater 
c l a r i t y and are more conveniently examined than those i n the 
bulk volume of the sample. The c e l l s i n these peripheral 
areas may be influenced by i n t e r a c t i o n between the c o v e r s l i p 
and the c e l l membrane, and a r t i f a c t s may ari s e . 
The use of a scanning electron microscope f o r observation, of 
such material would' improve res o l u t i o n and provide an image 
of the specimen with a greatly increased depth of focus, 
providing a sol u t i o n to a number of these problems, However, 
there i s no r e a d i l y a v a i l a b l e SEM system i n which c o n t r o l l e d 
cooling and warming experiments can be ca r r i e d out on ' the 
specimen stage, i n a compatable manner to the cryo-LM, 
c h i e f l y due to the vacuum requirements .of the electron 
microscope. To overcome these d i f f i c u l t i e s , a 
dual-observation technique has been developed, whereby 
primary observations of dynamic events can be taade with a 
cryo-LM. Subsequently, by using a modified specimen holder 
and rapid f r e e z e - f i x a t i o n to preserve the specimen, the same 
material can be transferred to the cold stage of a cryogenic 
scanning electron microscope (cryo-SEM) f o r further 
observation. 
MATERIALS AND METHODS 
Chlamvdbmonas r e i n h a r d t i i s t r a i n CCAP 11/.32 CW15+ (5), a 
wall-less, mutant e x i s t i n g as a free protoplast, was grown i n 
s t a t i c l i q u i d culture at 20 oC oh a 7-day cycle. Samples 
were taken on day 5, at which time they were i n the early 
stationary stage of growth, and concentrated xlO by 
centrifugation. 
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A specimen chamber was- constructed by boring a 0.5 mm 
diameter hole, by laser beam, through a size 0 glass 
co v e r s l i p and f i x i n g t h i s with glass adhesive to an i n t a c t 
coverslip of the same dimensions.. Three u l of the c e l l 
sample was placed i n the w e l l of t h i s assembly by 
micropipette and covered by a fragment of glass c b v e r s l i p 
(see Figure 1). 
The sample holder was placed on the stage of a L e i t z Dialux 
22 l i g h t microscope, adapted f o r low temperature studies by 
the addition of a computer controlled cooling stage (4). The 
t i p of the thermocouple incorporated into the specimen stage 
was d i r e c t l y beneath the c e l l sample. 
I n i t i a l cooling from room temperature (20 ©C) to the 
nucleation temperature (-2.5 ° C ) was c a r r i e d out at 10 
oC/min. Further cooling was c a r r i e d out at 60 oC/min to -20 
oC or at 1 oC/min to -6 ©C. Samples were freeze-fixed during 
a 30 second 'hold time' at the minimum temperature. In a 
second set of experiments the samples were rewarmed at 50 
o/min to 0 oC, held f o r 30 seconds and then warmed, at 30 
oC/min to 20 oC. These samples were freeze-fixed upon 
reaching 20 ° C . 
F i x a t i o n involved removing the sample holder from the cryo-LM 
specimen stage and immediately plunging i t rap i d l y , by hand, 
into l i q u i d nitrogen. The samples were then stored, and 
transported i n l i q u i d nitrogen as required. 
A P h i l i p s SEM 505 scanning electron microscope, with a 
Cryotrans CTIOOO cold stage system (Hexland Instruments Ltd, 
Wantage, UK) was used. The glass cover to the sample well 
was removed under l i q u i d nitrogen and the cryo-LM sample 
holder f i t t e d to a s p e c i a l l y adapted cryo-SEM specimen 
holder. The entire assembly was transferred using a shrouded 
transfer device, to the precooled SEM. Ice was sublimed from 
the specimen surface i n the microscope column, by heating to 
-70 oC f o r approximately 5 minutes. Gold sputtering took 
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place in.the specimen t r a n s f e r chamber of the SEM at IraA, 1.5 
kV f o r 10 minutes, at -1.40 oC. The microscope was operated 
at 25 kV and micrographs were taken on Kodak FP4 f i l m which 
was developed f o r 8. minutes at 20 oC i n Microphen, d i l u t e d 
1:1. 
RESULTS AND DISCUSSION 
Figure 2 shows the well i n the centre of the cover s l i p , and 
a remaining fragment of the. cover. The a l g a l c e l l sample has 
c l e a r l y not been confined to the well and c e l l s and debris 
are evident over a wide area surrounding the entrance to the 
w e l l . 
As the culture medium i n the cryomicroscope specimen s l i d e 
was frozen on the cryo-LM, the ice front, could be seen moving 
across the f i e l d of view. This advancing front concentrates 
c e l l s i n to c l u s t e r s , entrapped betwee.n large i ce formations 
(Figure 3a). Figure 3b i l l u s t r a t e s t h i s c l u s t e r i n g e f f e c t as 
seen i n the cryo-SEM. The angular out l i n e of these c e l l s i s 
probably an i c e packing e f f e c t . 
As the a l g a l c e l l s shrink i n the presence of e x t r a c e l l u l a r 
i c e , extrusions of the plasma membrane can be seen. By l i g h t 
microscopy these appear to be f i n e , club-ended, projections, 
r a d i a t i n g outwards from the c e l l i n t o the surrounding medium 
(Figure 4a). Cryo-SEM reveals no such f i n e extrusions when 
c e l l s from' within the confines of the w e l l are examined, but 
such observations were made i n the regions around the edge of 
the we l l (Figure 4b), where c e l l s were sandwiched between the 
coverslips. These c e l l s were grossly deformed and appeared 
flat t e n e d and spread against the c o v e r s l i p . The membrane 
projections extended only i n the plane of the cover s l i p , and 
only from the fla t t e n e d regions of the c e l l . However, to _ 
achieve the best images, c e l l s photographed i n the cryo-LM 
are t y p i c a l l y those adjacent to the c o v e r s l i p over the w e l l , 
and not those from within the bulk volume. I t should be 
noted that these w i l l be l o s t when the c o v e r s l i p i s removed 
fo r subsequent cryo-SEM examination. 
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These preliminary experiments using Chlamydomonas r e i n h a r d t i i 
CWl5+, a natural protoplast, i l l u s t r a t e s the value of t h i s 
dual-observation technique. The r e s u l t s of either- a l i g h t 
microscopy or electron microscopy technique alone might lead 
to serious misinterpretation. I t would appear from cryo^LM 
that formation of f i n e membrane extrusions during f r e e z i n g 
was a common phenomenon, associated with c e l l shrinkage. 
However, cryo-SEM reveals t h i s type of membrane extrusion 
only where c e l l s are l i k e l y to have been i n d i r e c t contact 
with a glass coverslip. I t i s l i k e l y that i f low temperature 
SEM was the sole t o o l f o r i n v e s t i g a t i o n , t h i s phenomenon 
would be disregarded as an artefact, as attention would have 
been focused on c e l l s situated deeper i n the w e l l . As the 
glass cover was necessarily removed p r i o r to cryo-SEM 
observation, the actual c e l l s studied by cryo-LM were 
probably removed with i t . An obvious improvement to the 
technique would be to r e t a i n and examine t h i s glass fragment 
i n the SEM also. The use of marker grids on the coverslips 
should enable the same c e l l to be examined i n both- cryo-LM 
and cryo-SEM. 
In samples freeae-fixed following rewarming to 20 oC, many of 
the c e l l s had swollen massively to' several times t h e i r 
o r i g i n a l volume (Figure 5a). Electron microscopy revealed 
that the membrane surface of these greatly swollen c e l l s was 
markedly p i t t e d " i n comparison with non-swollen material 
(Figure 5b), a difference i r i texture undetected by l i g h t 
microscopy. 
There are drawbacks to the simple method of fi-eeze-fixation 
employed i n this, preliminary study. The glass sample holder 
w i l l i n s u l a t e the specimen during i t s rapid plunge i n t o 
l i q u i d nitrogen, perhaps preventing i t from cooling at the 
optimal, u l t r a r a p i d -rates recommended fo r freeze f i x a t i o n 
(6). 
I t i s common practice to use several techniques of microscopy 
in a morphological study, but the dual technique described 
here has the advantage that having observed the reaction of a 
126 
c e l l sample to a pai-ticular freezing treatment, the same 
population of c e l l s , i n the same state, can be examined by-
scanning electron microscopy. Problems of r e p r o d u c i b i l i t y of 
experimental samples are reduced. The technique might be 
extended to study a v a r i e t y of stress responses. For 
example, by using a l i g h t microscope with a contr o l l e d 
d i f f u s i o n stage the ef f e c t s of osmotic stress could be 
examined as f r e e z e - f i x a t i o n can be used to arrest c e l l s at 
any stage during the stress treatment. 
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Figure 1. Diagram of glass specimen holder. The cavity i s 
made by boring a 5 mm hole i n the uppermost 
coversl i p , by laser beam. S - specimen, SH = 
glass specimen holder, TC = thermocouple. 
Figure 2. Specimen well as seen i n SEM. Fart of the glass 
fragment cover has been removed. W = w e l l , C = 
remainder of glass cover. 
Figi.ir-j 3 C e l l s entrapped between ice c r y s t a l s . a) as 
seen i n Cryo-LM, b) as seen i n Cryo-SEM. 
Boundaries between ice c r y s t a l s are evident.{arrows). 
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c r y o p r e s e r v a t i o n techniques f o r p l a n t t i s s u e s can best be 
achieved by an understanding of the p r i n c i p l e s of 
cr y o b i o l o g y i e . by an understanding of the s t r e s s e s to 
which b i o l o g i c a l m a t e r i a l s are exposed during the 
freeze-thaw process, and the p h y s i c a l and- biochemical 
e f f e c t s of these s t r e s s e s at a c e l l u l a r and s u b c e l l u l a r 
l e v e l . 
1.4. Low temperature i n j u r i e s encountered i n 
c r y o p r e s e r v a t i o n . 
(1) The f r e e z i n g process. 
The highest p o s s i b l e f r e e z i n g p o i n t of water (or 
e q u i l i b r i u m temperature Tf at which the water and i c e 
phases are i n e q u i l i b r i u m ) i s 0°C (273K). I n * t y p i c a l ' 
b i o l o g i c a l c e l l s , which c o n t a i n more than 80% water, the 
f r e e z i n g p o i n t i s only depressed by about 2°C below t h a t 
of pure water (Robards & S l e y t r , 1985). .Water can be 
cooled to temperatures between 0°C and -38.4°C (Hobbs, 
1974) without f r e e z i n g , when i t i s s a i d to be undercooled 
(super--or sub-cooled) ( f i g u r e 1.1.). 
Ice formation may r e s u l t from chance or d e r i n g of water 
molecules i n t o c l u s t e r s of c r i t i c a l dimensions, i e . 
homogeneous n u c l e a t i o n , A l t e r n a t i v e l y , n u c l e a t i o n may be 
c a t a l y s e d by contact w i t h a s o l i d s u b s t r a t e which enhances 
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dissipation of 
Time 
Figure 1.1 Tlie freezing processes in a dilute salt solution. ". 
[Redrawn from Morris,1981] 
lOOu 
0 -30 -60 
Temperature [°C] 
Figure 1.2 Percentage of unfrozen water in glycerol solutions 
at various subzero temperatures. The values on 
the curves refer to the concentration of glycerol 
before freezing. [Redrawnfrom Morris, 1981] 
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the p r o b a b i l i t y t h a t such c l u s t e r s of water molecules w i l l 
form, i e . heterogeneous n u c l e a t i o n . C r y s t a l l i s a t i o n i s 
accompanied by the r e l e a s e of the l a t e n t heat of f u s i o n 
which warms the water back up towards i t s melting p o i n t 
( f i g u r e 1.1.). U n t i l t h i s heat has been d i s s i p a t e d , no 
f u r t h e r c o o l i n g occurs (Franks, 1985). The growth r a t e of 
i c e c r y s t a l s - i s temperature dependent, with a maximum at 
about -13°C, and f a l l i n g w i t h decrease i n temperature, 
which a l s o r e s u l t s i n incre a s e d l i q u i d v i s c o s i t y . 
In. aqueous s o l u t i o n s only a p r o p o r t i o n of the water i s 
converted to i c e . As l i q u i d water i s removed as i c e , so 
the s o l u t e s i n the remaining aqueous phase become more 
concentrated. E v e n t u a l l y a c r i t i c a l c o n c e n t r a t i o n - the 
e u t e c t i c c o n c e n t r a t i o n - i s reached, at which p o i n t the 
s o l u t e s and remaining water fr e e z e as a s i n g l e component 
( f i g u r e 1.1.). The phase around the i c e c r y s t a l s i s 
r e f e r r e d to as the e u t e c t i c ; a s p e c i f i c e u t e c t i c w i l l have 
i t s own constant f r e e z i n g or melt i n g temperature, c a l l e d 
the e u t e c t i c temperature. For example, the e u t e c t i e 
temperature f o r sodium c h l o r i d e i s -21.8°C. At a l l 
temperatures above -21.8°C, i c e and concentrated s o l u t i o n s 
of sodium c h l o r i d e c o e x i s t (Robards & S l e y t r , 1985). The 
percentage of unfrozen water w i l l depend on the o s m o l a l i t y 
of a s o l u t i o n before f r e e z i n g ( f i g u r e 1.2.), 
Many s o l u t e s do not form t r u e e u t e c t i c s but, i n s t e a d , 
w i l l v i t r i f y (form a g l a s s ) eg >73% (7.9M) g l y c e r o l . Water 
w i l l v i t r i f y i f the c o o l i n g r a t e i s s u f f i c i e n t , but t h i s 
i s d i f f i c u l t to achieve i n p r a c t i c e . Cooling aqueous 
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suspensions at r a t e s of s e v e r a l thousand °Cs"^ has 
r e s u l t e d i n the formation of i c e c r y s t a l s l-2um diameter 
{Menold et al,. 1976) . 
Freezing w i l l a l s o a f f e c t gases d i s s o l v e d i n s o l u t i o n . 
The s o l u b i l i t y of gases increases with drop i n temperature 
but when water i s converted to i c e d i s s o l v e d gases w i l l be 
concentrated i n the remaining unfrozen s o l u t i o n . A i r 
bubbles are nucleated ahead of the advancing i c e f r o n t , 
being excluded from the i c e c r y s t a l l a t t i c e (Hobbs,1974). 
(2) Stresses encountered by c e l l s during f r e e z i n g . 
The p r o b a b i l i t y of i c e n u c l e a t i o n i n an aqueous 
suspension i s r e l a t e d to compartment s i z e (Hobbs,- 1974). 
When i c e forms i n a suspension of c e l l s i t w i l l do so 
p r e f e r e n t i a l l y i n the e x t r a c e l l u l a r medium, which can be 
regarded as a s i n g l e l a r g e compartment. 
At high subzero temperatures b i o l o g i c a l membranes act 
as b a r r i e r s to i c e c r y s t a l growth (Mazur, 1977). C e l l s i n 
suspension can t h e r e f o r e remain unfrozen while the 
e x t r a c e l l u l a r medium i s f r o z e n . The unfrozen p o r t i o n of 
the e x t r a c e l l u l a r medium w i l l become hypertonic to the 
c e l l s . In order to maintain e q u i l i b r i u m water must be l o s t 
from the c e l l . This i s achieved by osmotic water l o s s to, 
the e x t r a c e l l u l a r s o l u t i o n or by the formation of 
i n t r a c e l l u l a r i c e ( f i g u r e 1.3.). The p r o b a b i l i t y of 
i n t r a c e l l u l a r f r e e z i n g depends upon the extent of 
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Figure 1.3 Diagrammatic representation of the 
effects of different rates of 
cooling on animal cells or plant protoplasts. 
[ Redrawn from Morris,1981 ] 
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undercooling of the cytoplasm, the c o o l i n g r a t e and the 
n u c l e a t o r type and d e n s i t y (McGrath, 1987). At r e l a t i v e l y 
r a p i d c o o l i n g r a t e s there i s l e s s time f o r osmotic 
dehydration to ta,ke p l a c e . The cytoplasm becomes 
i n c r e a s i n g l y undercooled and the p r o b a b i l i t y of 
i n t r a c e l l u l a r i c e n u c l e a t i o n i n c r e a s e s . 
At slow r a t e s of c o o l i n g osmotic e q u i l i b r i u m i s 
maintained by c e l l shrinkage. Thus, f r e e z i n g of a c e l l 
suspension can impose e i t h e r of two c o n d i t i o n s of s t r e s s 
upon c e l l s , depending on the c o o l i n g r a t e employed. This 
i s recognised by Mazur i n h i s *two f a c t o r hypothesis' of 
f r e e z i n g i n j u r y (Mazur et al., 1972). This s t a t e s that 
there i s o f t e n an optimal c o o l i n g r a t e f o r s u r v i v a l , above 
which i n j u r y w i l l be r e l a t e d to the formation of 
i n t r a c e l l u l a r i c e , and below which i n j u r y w i l l be 
a s s o c i a t e d with the c e l l u l a r response to c o n c e n t r a t i o n of 
s o l u t e s ( ' s o l u t i o n e f f e c t s ' ). The optimal c o o l i n g r a t e 
w i l l vary with c e l l type. For example, the optimal c o o l i n g 
r a t e f o r red blood c e l l s i s greater than 3000°0 min-i 
whereas that f o r the u n i c e l l u l a r green a l g a Chlamydomdhas 
nivalis i s l e s s than 10°G min-^ ( f i g u r e 1.4.) 
The v a r i a t i o n i n optimal c o o l i n g r a t e between 
d i f f e r e n t c e l l - t y p e s accounts f o r some of the d i f f i c u l t i e s 
encountered i n the c r y o p r e s e r v a t i o n of organs, which are 
made up of s e v e r a l d i f f e r e n t c e l l - t y p e s . 
The optimal c o o l i n g r a t e f o r a p a r t i c u l a r c e l l - t y p e i s 
r e l a t e d t o a number of f a c t o r s i n c l u d i n g the p e r m e a b i l i t y 
of the c e l l to water, the temperature dependence of water 
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Figure 1.4 Recovery of Human erythrocytes [©] and Chlamydomonas nivalis[o] 
after cooling at different ralis to-196 °C 
[adapted from Morris ;1981 ]" 
p e r m e a b i l i t y and c e l l surface area to volume r a t i o (Mazur 
et al., 1972). 
Freezing at slow c o o l i n g r a t e s , and subsequent thawing 
w i l l impose a sequence of p o t e n t i a l l y damaging s t r e s s e s on 
a c e l l . These w i l l not a l l be of equal importance to each 
c e l l - t y p e . The i n j u r i o u s e f f e c t s of these s t r e s s e s may a l l 
be s i g n i f i c a n t i n the area of c r y o p r e s e r v a t i o n , where slow 
c o o l i n g r a t e s are f r e q u e n t l y employed i n order to delay 
i n t r a c e l l u l a r i c e formation.These s t r e s s e s have been 
summarised by Grout and M o r r i s (1987) as shown below. 
Table 1.1. The c a t e g o r i e s of s t r e s s a s s o c i a t e d w i t h 
e x t r a c e l l u l a r f r e e z i n g of a c e l l suspension medium. • 
(a) Reduction i n temperature 
(b) Mechanical e f f e c t s of e x t r a c e l l u l a r i c e c r y s t a l s and 
c e l l w a l l i n t e r a c t i o n s . 
(c) A l t e r e d p h y s i c a l p r o p e r t i e s of the .residual 
e x t r a c e l l u l a r s o l u t i o n (eg. v i s c o s i t y , pH) 
(d) Generation of gas bubbles and e l e c t r i c a l f i e l d s at the 
i c e - s o l u t i o n i n t e r f a c e 
(e) Concentration of s o l u t e s i n the e x t r a c e l l u l a r s o l u t i o n 
and the r e l a t e d decrease i n the water p o t e n t i a l 
(f) Volume r e d u c t i o n of the p r o t o p l a s t and p o s s i b l e 
surface area r e d u c t i o n of the plasmalemma 
(g) Increase i n c o n c e n t r a t i o n of cytoplasmic s o l u t e s 
(h) E f f e c t s of an i n c r e a s i n g l y concentrated cytoplasm on 
the contained o r g a n e l l e s 
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Each category w i l l be discussed b r i e f l y i n t u r n , 
(a) Reduction i n temperature 
C h i l l i n g i n j u r y , which r e s u l t s from long term exposure 
to low, above-zero temperatures, i s of no consequence to 
c r y o b i o l o g i s t s i n t e r e s t e d i n the storage of m a t e r i a l at 
u l t r a l o w temperatures. However, c e r t a i n c e l l types, 
i n c l u d i n g most mammalian spermatozoa and some 
gram-negative b a c t e r i a , s u f f e r from a c o o l i n g 
rate-dependent i n j u r y i n the absence of f r e e z i n g . Greater 
i n j u r y i s induced by 'rap i d ' than 'slow' c o o l i n g but these 
values are not absolute and w i l l vary with c e l l type 
(Morris, 1987). This i n j u r y i s termed c o l d shock i n j u r y 
and can be c l a s s e d as d i r e c t c h i l l i n g i n j u r y . Cold shock 
i n j u r y i s a t t r i b u t e d t o the d i r e c t l o s s of s e l e c t i v e 
p e r m e a b i l i t y of the membrane, a l l o w i n g leakage of 
i n t r a c e l l u l a r c o n s t i t u e n t s at temperatures below th a t of 
the phase change from l i q u i d c r y s t a l l i n e to "gel phase 
(Morris, 1981). Rapid c o o l i n g r e s u l t s i n numerous 
n u c l e a t i o n s i t e s , and hence the formation of numerous 
s m a l l , r i g i d g e l phase domains, w i t h i n the membrane. 
C r y s t a l growth would be r a p i d and there would be l i t t l e 
time f o r the r e d i s t r i b u t i o n of membrane components. 
Consequently numerous packing f a u l t s , caused by the 
presence of p r o t e i n s or l i p i d s w ith d i f f e r e n t packing 
c h a r a c t e r i s t i c s , would e x i s t between regions of 
hexagonally packed l i p i d s ( f i g u r e 1.5.). The two halves of 
the b i l a y e r nucleate independently ( S i l l e r u d & Barnett, 
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Figure 1.5 Packing faults between hexagonally packed 
lattices of ball bearings,demonstrating the-
potential effect of phase separations within 
a single layer of a membrane. 
[Reproduced with permission from Morris,1987] 
Hexagonal II phase 
Figure 1.6 Diagram of hydration-dependent phase 
changes in a phospholipid. 
[Redrawn from Crowe etal 1982] 
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1982) and i f packing d e f e c t s w i t h i n the two monolayers are 
c o i n c i d e n t , leakage of small molecules might take place 
across the b i l a y e r . Cold shock can be avoided i n some 
systems by pretreatment w i t h a c r y o p r o t e c t i v e a d d i t i v e or 
a s p e c i f i c p h o s p h o l i p i d , or by reducing the c o o l i n g r a t e 
(Ashwood-Smith & F a r r a n t , 1980). Cold shock i n j u r y should 
always be considered when attempting to apply 
c r y o p r e s e r v a t i o n techniques to a new system, 
(b) Mechanical e f f e c t s of e x t r a c e l l u l a r i c e c r y s t a l s 
There i s l i t t l e evidence of d i r e c t mechanical i n j u r y 
to c e l l s by e x t r a c e l l u l a r i c e . However, l y s i s of human 
erythrocytes- during slow f r e e z i n g i s reported to be 
r e l a t e d to the f r a c t i o n of water t h a t remains unfrozen i n 
the e x t r a c e l l u l a r medium (Mazur et. ai.,1981). Pegg has 
reported a 'packing e f f e c t ' i n t h a t the p r o p o r t i o n of 
human ery t h r o c y t e s s u r v i v i n g f r e e z i n g and thawing i s i n 
some instances i n v e r s e l y dependent on the p r o p o r t i o n of 
the sample volume t h a t i s occupied by c e l l s (P'egg,1981, 
Pegg et a i . , 1982, Pegg & Diaper, 1983). Decreased volume 
of the aqueous compartment and consequent i n c r e a s e d 
d e n s i t y of c e l l s w i t h i n i t increase the p o s s i b i l i t y of 
c e l l u l a r i n t e r a c t i o n s . Steponkus and Gordon-Kamm (1985) 
found the s u r v i v a l of frozen-thawed Rye p r o t o p l a s t s to be 
independent of the f r a c t i o n of unfrozen e x t r a c e l l u l a r 
s o l u t i o n or the f r a c t i o n of unfrozen e x t r a c e l l u l a r water, 
but to be r e l a t e d to the extent of c e l l dehydration. 
Adhesions between i c e and the c e l l w a l l , and i c e and the 
plasma membrane, can cause c e l l u l a r d i s t o r t i o n ( O l i e n & 
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Smith, 1977), r e s u l t i n g i n mechanical s t r e s s e s which could 
l e a d to i n j u r y . 
(c) A l t e r e d p h y s i c a l p r o p e r t i e s of the r e s i d u a l 
e x t r a c e l l u l a r s o l u t i o n eg. pH, v i s c o s i t y 
The i n f l u e n c e of temperature upon pH i s not 
s t r a i g h t f o r w a r d . I t w i l l depend on the temperature 
c o e f f i c i e n t s of a c i d d i s s o c i a t i o n constants.. During 
f r e e z i n g , i n c r e a s e d i o n i c s t r e n g t h w i l l a f f e c t hydrogen 
ion a c t i v i t y (Taylor, 1987). Most b i o l o g i c a l f u n c t i o n s are 
known to be pH dependent under normal p h y s i o l o g i c a l 
c o n d i t i o n s and s i m i l a r e f f e c t s may e x i s t at low 
temperatures, though the optima may be s h i f t e d to 
d i f f e r e n t values. Taylor (1982) showed the f u n c t i o n a l 
recovery of mammalian smooth muscle a f t e r storage i n 
unfrozen media at -13°C to have an optimum pH* of 9.2, 
which seems unu s u a l l y high compared to p h y s i o l o g i c a l pH. 
Unfortunately there are p r a c t i c a l d i f f i c u l t i e s i n 
measuring pH at low temperatures. There i s no u n i v e r s a l pH 
sc a l e f o r a l l mixed s o l v e n t s at a range of temperatures. 
Measurements must be made w i t h i n the pH s c a l e of the mixed 
solvent i n question (hence the term pH*). 
With decreasing temperature, the v i s c o s i t y of 
s o l u t i o n s and membrane components w i l l i n c r e a s e , thus 
slowing down molecular movement w i t h i n the c e l l and across 
membranes (Franks, 1981). 
(d) Generation of gas bubbles and e l e c t r i c f i e l d s at the 
i c e - s o l u t i o n i n t e r f a c e 
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The generation of gas bubbles during f r e e z i n g has been 
mentioned p r e v i o u s l y ( s e c t i o n 1.4.1.). During thawing the 
melting of i c e allows f u s i o n of gas bubbles and movement 
of gas bubbles through s o l u t i o n . Contact with c e l l s c o uld 
exert mechanical s t r e s s e s . 
E l e c t r i c a l f i e l d s may be generated across the 
i c e - s o l u t i o n i n t e r f a c e i n an aqueous s o l u t i o n that i s 
being f r o z e n , as a r e s u l t of the d i f f e r e n t i a l s o l u b i l i t y 
of ions i n the l i q u i d and i c e phase. This i s known as the 
Workman-Reynolds e f f e c t (Workman & Reynolds, 1950, Hobbs, 
1974). E l e c t r i c a l f i e l d s can a l t e r the p e r m e a b i l i t y and 
s t r u c t u r a l i n t e g r i t y of plasma membranes, and can l e a d to 
membrane f u s i o n . The a p p l i c a t i o n of e l e c t r i c f i e l d s has 
been used to induce f u s i o n between i s o l a t e d p l a n t 
p r o t o p l a s t s (Zimmermann & Scheurich, 1981, Zimmermann, 
1986). Membrane d i s r u p t i o n by freeze-induced e l e c t r i c a l 
t r a n s i e n t s has been proposed as a p o s s i b l e cause of 
i n t r a c e l l u l a r f r e e z i n g of Rye p r o t o p l a s t s (Steponkus et 
al., 1984). 
(e) Concentration of s o l u t e s i n the e x t r a c e l l u l a r s o l u t i o n 
and the r e l a t e d decrease i n the water p o t e n t i a l 
P r o t e i n s i n the outer l a y e r of the plasma membrane are 
exposed to the s p e c i f i c e f f e c t s of v a r i o u s concentrated 
e x t r a c e l l u l a r s o l u t e s and by the water a c t i v i t y of the 
suspending s o l u t i o n . P r o t e i n s w i t h i n the cytoplasm w i l l be 
s i m i l a r l y a f f e c t e d by c o n c e n t r a t i o n of i n t r a c e l l u l a r 
s o l u t e s during shrinkage. These s t r e s s e s w i l l be o u t l i n e d 
i n s e c t i o n (g). 
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Hydration-dependent changes i n membrane s t r u c t u r e have 
been observed during isothermal dehydration (Crowe et ai.', 
1982) and during freeze-induced dehydration (Gordon-Kamm & 
Steponkus, 1984). As the p r o p o r t i o n of water i n s o l u t i o n 
drops to below 0.25g/g l i p i d , there may be a t r a n s i t i o n 
from l a m e l l a r phase phospholipids to hexagonal I I phase, 
which c o n s i s t s of tubes of l i p i d w ith the h y d r o p h i l i c head 
groups o r i e n t a t e d i n t o a hydrated core ( f i g u r e 1.6.). Such 
s t r u c t u r a l changes i n membranes, which are dependent on 
the c l a s s e s of l i p i d s present, may c o n t r i b u t e to i n j u r y , 
( f ) Volume r e d u c t i o n and p o s s i b l e surface area r e d u c t i o n 
of the plasma lemma 
As a c e l l s h r i n k s i n response to the imposed gradient 
i n water p o t e n t i a l changes may occur not onl.y i n i t s 
volume but a l s o i n i t s surface area. The plasma membrane, 
which i s wid e l y b e l i e v e d to be a primary s i t e of f r e e z i n g 
i n j u r y i s l i k e l y to s u f f e r from changes to i t s s t r u c t u r e 
and f u n c t i o n by the r e d u c t i o n i n surface area. The 
re d u c t i o n i n surface area may be achieved i n i t i a l l y by 
l a t e r a l compression of membrane components, f o l l o w e d by 
d e l e t i o n of m a t e r i a l from the plane of the membrane, by 
e i t h e r f o l d i n g or v e s i c u l a t i o n . Changes i n the 
p e r m e a b i l i t y p r o p e r t i e s are l i k e l y to r e s u l t from reduced 
f l u i d i t y of the membrane and the d e l e t i o n of c e r t a i n l i p i d 
and p r o t e i n molecules, and may be reduced i n regions of 
membrane f o l d i n g i n t o raultilayered s t a c k s . 
Several of the t h e o r i e s attempting to e x p l a i n f r e e z i n g 
i n j u r y i n p a r t i c u l a r systems are centred on the s t r e s s e s 
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imposed by c e l l volume changesi oil the plasma membrane. 
Meryman (1968) proposed t h a t i n j u r y to er y t h r o c y t e s was 
l i n k e d to a minimum t o l e r a t e d c e l l volume, below which 
there was r e s i s t a n c e to f u r t h e r shrinkage. This would l e a d 
to the development of an osmotic pressure gradient and a 
d i f f e r e n c e i n h y d r o s t a t i c pressure across the membrane. 
The pressure g r a d i e n t could l e a d to a change i n membrane 
p e r m e a b i l i t y , p e r m i t t i n g an i n f l u x of e x t r a c e l l u l a r 
s o l u t e . Excessive water uptake by er y t h r o c y t e s on r e t u r n 
to i s o t o n i c c o n d i t i o n s would then r e s u l t i n l y s i s as the 
o r i g i n a l surface area of the plasma membrane was exceeded. 
Steponkus and Wiest (1979) found t h a t l y s i s of higher 
p l a n t p r o t o p l a s t s f o l l o w i n g shrinkage and r e h y d r a t i o n was 
l i n k e d not to the minimum volume a t t a i n e d during shrinkage 
but to the increase i n surface area t h a t was r e q u i r e d 
during re-expansion. Membrane d e l e t i o n can occur during 
shrinkage so that l y s i s occurs on re-expansion, before the 
p r o t o p l a s t has reached i t s o r i g i n a l volume. Solute l o a d i n g 
does not appear to take place i n higher p l a n t p r o t o p l a s t s 
(Wiest & Steponkus, 1978). Expansion-induced l y s i s of 
i s o l a t e d Rye p r o t o p l a s t s can be avoided by c o l d 
a c c l i m a t i o n treatment p r i o r to f r e e z i n g . This r e s u l t s i n 
the formation of e x t r a c e l l u l a r e x t r u s i o n s of membrane on 
shrinkage, which can be r e i n c o r p o r a t e d i n t o the plasma 
membrane on re-expansion. Non-acclimated p r o t o p l a s t s form 
i n t r a c e l l u l a r membrane e x t r u s i o n s on shrinkage, which are 
detached from the plasma membrane and cannot be 
re i n c o r p o r a t e d on re-expansion ( f i g u r e 1.7.). 
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Before 
treatment 
Shrinkage 
during 
freezing 
Rehydration 
during 
thawing 
Figure 1.7 The effect of shrinkage and re expansion caused 
by freezing or osmotic stress on isolated rye 
protoplasts,as described by Steponkus etal[1983] 
in non acclimated protoplasts [a] reduction in 
surface area is achieved by intracellular vesiculation 
of the plasma membrane. This is irreversible, 
leading to lysis on thawing. In acclimated 
protoplasts [ b] reduction in surface area is 
achieved by the formation of plasma membrane 
extrusions.which can be withdrawn into the plane 
of the plasma membrane during thawing,allowing 
re-expansion of the protoplast to its original 
volume. 
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These responses of higher p l a n t p r o t o p l a s t s to osmotic 
s t r e s s have been witnessed during f r e e z i n g and at constant 
temperatures. However, i n other c e l l types, a d d i t i o n a l 
s t r e s s e s , caused by exposure to low temperatures, may a l s o 
be important. As the temperature f a l l s membrane l i p i d s may 
undergo a change from a f l u i d , or l i q u i d - c r y s t a l l i n e 
s t a t e , to a h i g h l y organised hexagonal l a t t i c e (the g e l 
s t a t e ) . As l i p i d s are undergoing phase t r a n s i t i o n s , 
p r o t e i n molecules may be excluded from the g e l phase 
regions, which can be seen as intramembrane p a r t i c l e - f r e e 
patches by f r e e z e - f r a c t u r e e l e c t r o n microscopy. IMP-free 
patches i n e r y t h r o c y t e membranes have been i d e n t i f i e d by 
Fujikawa (1981) as^^membrane-derived v e s i c l e s , which pinch 
o f f from the membrane during thawing. A r a k i et al. (1982) 
have found t h a t , although v e s i c l e s are re l e a s e d from 
er y t h r o c y t e s exposed to hypertonic s o l u t i o n s of sodium 
c h l o r i d e at 37oC, the l i p i d and p r o t e i n content of these 
v e s i c l e s i s s i m i l a r to t h a t of the red c e l l membrane, 
whereas the v e s i c l e s r e l e a s e d on exposure to - 1 0 ° C have a 
composition s i m i l a r to tha t of the iMP-free g e l phase 
areas of the red c e l l membrane. 
(g) Increase i n c o n c e n t r a t i o n of cytoplasmic s o l u t e s . 
Soluble enzymes, p r o t e i n s of the c y t o s k e l e t o n and 
ribosomal subunits, and membrane-bound p r o t e i n s w i l l a l l 
be exposed to increased s o l u t e concentrations during 
f r e e z i n g . The s e n s i t i v i t y to high s o l u t e concentrations 
w i l l depend on the s p e c i f i c p r o t e i n . Enzyme a c t i v i t y can 
be i n h i b i t e d , though t h i s may be r e v e r s i b l e on r e t u r n to 
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i s o t o n i c c o n d i t i o n s i P r o t e i n denaturation may take place 
at higher e l e c t r o l y t e l e v e l s (Jaenicke, 1981). The extent 
of denaturation of a p r o t e i n w i l l depend on the p e r i o d of 
exposure to f r e e z i n g c o n d i t i o n s and a l s o on the i n i t i a l pH 
of the s o l u t i o n and the presence of other substances i n 
s o l u t i o n . Denaturation can be reduced by co n c e n t r a t i o n of 
the p r o t e i n and by the a d d i t i o n of some s a l t s , sugar 
a l c o h o l s or other p r o t e i n s . D i l u t e s o l u t i o n s are a f f e c t e d 
by c o o l i n g r a t e , with r a p i d c o o l i n g minimising 
i n a c t i v a t i o n (Franksj 1985). 
A v e r t i c a l displacement of membrane p r o t e i n s has been 
reported f o l l o w i n g c e l l shrinkage (Niedermayer et al., 
1976). The r e l e a s e of p e r i p h e r a l membrane p r o t e i n s occurs 
from membrane fragments as w e l l as from o s m o t i c a l l y 
responsive s t r u c t u r e s . Heber et al., (1981) have reporte d 
p r o t e i n r e l e a s e from t h y l a k o i d membranes f o l l o w i n g 
hypertonic exposure at a constant temperature or f o l l o w i n g 
f r e e z i n g and thawing. I s o l a t e d c h l o r o p l a s t s suspended i n 
hypertonic s o l u t i o n s have been observed to s h r i n k on 
i n i t i a l exposure and then to re-expand as a r e s u l t of 
reverse l o a d i n g of c a t i o n s f o l l o w i n g the r e l e a s e of 
r e g u l a t o r y p r o t e i n s of membrane pumps (Grout & M o r r i s , 
1987). 
(h) E f f e c t s of an i n c r e a s i n g l y concentrated cytoplasm on 
the contained o r g a n e l l e s . 
I n d i v i d u a l , o r g a n e l l e s w i l l respond to the increased 
i n t r a c e l l u l a r s o l u t e c o n c e n t r a t i o n by shrinkage and be 
subjected to the same s t r e s s e s as have been o u t l i n e d f o r 
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the c e l l as a whole. 
At r a p i d c o o l i n g r a t e s l o s s i n v i a b i l i t y has been 
c o r r e l a t e d w i t h i n t r a c e l l u l a r i c e formation (Mazur, 1977), 
although the s p e c i f i c mechanism of i n j u r y remains unclear. 
Some of the s t r e s s e s l i s t e d above may s t i l l have 
d e t r i m e n t a l e f f e c t s oh the organism, though the d u r a t i o n 
of exposure w i l l be f a r s h o r t e r . 
I t has not yet been e s t a b l i s h e d whether i n t r a c e l l u l a r 
f r e e z i n g i s a cause or a consequence of i n j u r y at r a p i d 
c o o l i n g r a t e s . I t i s l i k e l y t h a t i t may be e i t h e r , 
depending on the system i n question. I t has been suggested 
that the n u c l e a t i o n of i n t r a c e l l u l a r i c e produces holes i n 
ery t h r o c y t e membranes (Nei, 1976). More r e c e n t l y Fujikawa 
(1981) has proposed t h a t the formation of i n t r a c e l l u l a r 
i c e i n d i r e c t contact w i t h the plasma membrane causes a 
molecular d i s o r g a n i s a t i o n of the normal b i l a y e r s t r u c t u r e , 
haemolysis o c c u r r i n g at these a l t e r e d membrane s i t e s 
during thawing. However, Steponkus et ai.(1983) r e p o r t 
observing plasma membrane l e s i o n s and leakage of c e l l 
contents immediately p r i o r to black f l a s h i n g i n higher 
p l a n t p r o t o p l a s t s . 
The r a t e of rewarming may a l s o a f f e c t the s u r v i v a l 
r a t e f o l l o w i n g f r e e z i n g . F o l l o w i n g slow c o o l i n g , a slow 
thawing treatment w i l l expose the sample to the damaging 
e f f e c t s of f r e e z i n g f o r an increased d u r a t i o n . However, 
there have been r e p o r t s t h a t slow warming may improve the 
recovery r a t e , eg. f o l l o w i n g slow c o o l i n g (0.5oC min-^) of 
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mammalian embryos i n dimethylsulphoxide (1.5M) (Leibo, 
1977). Fo l l o w i n g r a p i d c o o l i n g the warming rat e during 
thawing w i l l be c r i t i c a l . The more r a p i d the c o o l i n g 
treatment, the sm a l l e r the i c e c r y s t a l s which form.. These 
small i c e c r y s t a l s are thermbdynamically metastable due to 
t h e i r high surface energies. During warming, above the 
glass t r a n s i t i o n temperature, they increase i n s i z e by 
f u s i o n , thus reducing t h e i r surface to volume r a t i o s and 
making them more s t a b l e ( T a y l o r , 1987). I t i s p o s s i b l e 
that i c e c r y s t a l s of s u f f i c i e n t l y s m a l l dimensions to 
avoid i n j u r y can form w i t h i n a c e l l at r a p i d c o o l i n g 
r a t e s , but t h a t growth i n c r y s t a l s i z e d u r i n g warming i s 
p o t e n t i a l l y damaging ( R a i l , 1980). 
(3) S i t e s of f r e e z i n g i n j u r y 
, The plasma membrane i s considered to be the primary 
s i t e of f r e e z i n g i n j u r y , although i t . i s d i f f i c u l t to 
d i s t i n g u i s h between primary and secondary events. The 
plasma membrane i s the f i r s t b a r r i e r of the c e l l to 
encounter the e f f e c t s of e x t r a c e l l u l a r f r e e z i n g (Grout & 
M o r r i s , 1987) and i t i s t h e r e f o r e l i k e l y to s u f f e r from 
i n j u r y before other p a r t s of the c e l l . S i m i l a r l e s i o n s to 
those reported i n the plasma membrane are l i k e l y to a f f e c t 
other membrane systems of the c e l l i f put under the same 
s t r e s s e s . These l e s i o n s may be i n the form of p h y s i c a l 
rupture (Steponkus et al., 1983), l o s s of p e r m e a b i l i t y 
( P a l t a et al., 1977) and l o s s of enzyme a c t i v i t y (Heber et 
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a i . , 1981). A l t e r a t i o n s i n the p h o s p h o l i p i d composition of 
membranes f o l l o w i n g f r e e z i n g and thawing (Yoshida & Sakai,, 
1974) may be a secondary, p a t h o l o g i c a l event and not a 
primary cause of f r e e z i n g i n j u r y (Clarke et a i . , 1982). 
Studies of i s o l a t e d mitochondria and c h l o r o p l a s t s have 
i n d i c a t e d t h a t they may be s e n s i t i v e to freeze-thaw 
damage, but comparison w i t h r e s u l t s in s i t u shows tha t 
t h i s i s not l i k e l y to be a primary cause of c e l l u l a r 
i n j u r y (Singh et a i . , 1977, Heber et a i . , 1981). 
There may be a c o r r e l a t i o n between the presence of a 
large vacuole and the s e n s i t i v i t y to f r e e z i n g and thawing 
(Morris & C l a r k e , 1978, P r i t c h a r d et a i . , 1982). 
The c y t o s k e l e t o h i s a l s o a p o t e n t i a l s i t e of low 
temperature i n j u r y . The s t a b i l i t y of microtubules at low 
temperatures v a r i e s from one organism to another although 
microtubules of most animal c e l l s and many p l a n t c e l l s 
depolymerise at about 4°C. The cytoplasmic microtubules 
a s s o c i a t e d with primary w a l l development i n higher p l a n t s 
are depolymerised. at 4°C but those i n v o l v e d i n secondary 
w a l l formation remain i n t a c t at t h i s temperature (Juniper 
& Lawton, 1979). Zoospores of the green a l g a 
Chlorosarcinopsis gelatinosa are e l l i p s o i d a l i n shape but 
become s p h e r i c a l when subjected to 2°C and r e v e r t to t h e i r 
o r i g i n a l shape a f t e r rewarming. The shape changes have 
been found to c o r r e l a t e with the disappearance and 
reappearance .of p e r i p h e r a l c y t o s k e l e t a l microtubules 
(Mel'konian, 1980). Depolymerisation of micrptubular 
elements of Allium root t i p c e l l s r e s u l t s from l e t h a l 
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f r e e z i n g (Carter & Wick, 1984). 
The c e l l w a l l of p l a n t c e l l s has a p o s s i b l e 
involvement i n f r e e z i n g i n j u r y . Tao et al. (1983) reported 
that f r e e z i n g i n j u r y to c u l t u r e d potato c e l l s could be 
reduced by minimising contact between the c e l l w a l l and 
plasma membrane p r i o r to f r e e z i n g . However, others have 
suggested t h a t the c e l l w a l l can p l a y a p r o t e c t i v e r o l e 
( B a r t o l o et al., 1987) . 
Grout & Mo r r i s (1987) suggest t h a t there are many 
p o t e n t i a l s i t e s of f r e e z i n g i n j u r y i n c e l l s and tha t 
i n j u r y w i l l occur when the weakest component, which w i l l 
vary from c e l l to c e l l , and w i t h i n an i n d i v i d u a l c e l l type 
under d i f f e r e n t f r e e z i n g c o n d i t i o n s , i s a l t e r e d beyond a 
c r i t i c a l l e v e l . 
1 .4. Choice of experimental system. 
Studies have been c a r r i e d out on whole p l a n t s i n the 
environment which produce v a l u a b l e but complex i n f o r m a t i o n 
that o f t e n adds l i t t l e to an understanding of the p h y s i c a l 
and chemical e f f e c t s of f r e e z i n g s t r e s s e s at the c e l l u l a r 
and s u b c e l l u l a r • l e v e l (Larcher, 1982, Christersson et al. , 
1987, Eiga & Sakai , 1987). Laboratory i n v e s t i g a t i o n s of 
i s o l a t e d c e l l systems are e s s e n t i a l f o r a gre a t e r 
understanding • of the e f f e c t s of a p p l i e d f r e e z i n g -
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treatments. C e l l c u l t u r e s could be used but with the 
disadvantage t h a t the a r t i f i c i a l environment and o f t e n 
a t y p i c a l development. and metabolism may not r e f l e c t 
processes as r e g u l a t e d i r i the n a t u r a l environment. 
Further, the presence of the c e l l u l o s i c w a l l i n p l a n t c e l l 
c u l t u r e s obscures observations of plasma membrane 
fu n c t i o n s and t r a n s p o r t systems and a l s o makes comparisons 
with s t u d i e s on animal systems d i f f i c u l t . This l a t t e r may 
be of importance i f there are general r u l e s to be found 
concerning the mechanisms of f r e e z i n g i n j u r y i n p l a n t and 
animal c e l l s . 
A p o s s i b l e a l t e r n a t i v e i s to use p r o t o p l a s t s of higher 
p l a n t s i n f r e e z i n g s t u d i e s (Steponkus, 1984). 
These must be prepared by enzymic or mechanical treatment 
from i n t a c t t i s s u e s and are metastable, c o n t i n u o u s l y 
r e s y n t h e s i s i n g and d e p o s i t i n g c e l l w a l l m a t e r i a l . In order 
to o b t a i n i s o l a t e d p r o t o p l a s t s the c e l l cytoplasm must be 
plasmoiysed and must subsequently be exposed to hypertonic 
s o l u t i o n s to prevent l y s i s by continuous water uptake. 
These systems can produce u s e f u l data on the e f f e c t s of 
f r e e z i n g at a s u b c e l l u l a r l e v e l , and i t i s p o s s i b l e to 
i n v e s t i g a t e the e f f e c t s on the plasma membrane In situ. 
Their s p h e r i c a l form enables more q u a n t i t a t i v e microscopic 
s t u d i e s on c e l l dehydration to be c a r r i e d out, as they 
behave as i d e a l osmometers over a wide range of osmotic 
s t r e s s . The assessment of v i a b i l i t y f o l l o w i n g f r e e z i n g 
r e l i e s on h i s t o c h e m i c a l assays which only d e t e c t s p e c i f i c 
forms of i n j u r y (Dowgert & Steponkus, 1982). 
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Another a l t e r n a t i v e to the use of higher p l a n t 
p r o t o p l a s t s as a model organism i s the use of a l g a l 
u n i c e l l s . This allows the i n v e s t i g a t i o n of whole 
s i n g l e - c e l l e d organisms t h a t e x i s t n a t u r a l l y and have not 
been "prepared' f o r use. They can be c u l t u r e d i n 
c o n d i t i o n s c l o s e to t h a t of t h e i r n a t u r a l environment with 
presumably c l o s e to normal metabolic responses. True 
v i a b i l i t y f o l l o w i n g f r e e z i n g can be assessed by regrowth 
assays. There i s mounting i n t e r e s t i n the c u l t u r e and 
storage of microalgae with t h e i r p o t e n t i a l 
b i o t e c h n o l o g i c a l a p p l i c a t i o n s . The disadvantage of using 
a l g a l u n i c e l l s i s t h a t the hypotheses developed by such a 
study may not n e c e s s a r i l y apply to higher p l a n t s (Morris 
et a i . , 1981). 
Mutant forms of a l g a l u n i c e l l s have been obtained i n 
which the c e l l w a l l i s absent. These a l g a l 'protoplasts' 
would enable s t u d i e s on membrane s t r u c t u r e and f u n c t i o n to 
be c a r r i e d out i n a manner comparable to the higher p l a n t 
s t u d i e s . Ah important advantage i n the use of a l g a l 
'protoplasts'" i s t h a t v i a b i l i t y by regrowth can be 
measured r e l a t i v e l y r a p i d l y and e a s i l y , as opposed to the 
h i s t o c h e m i c a l v i a b i l i t y t e s t s commonly used f o r higher 
p l a n t s . U s e f u l comparisons could be made between r e s u l t s 
of s t u d i e s with f r e e - l i v i n g a l g a l 'protoplasts' and 
i s o l a t e d p l a n t p r o t o p l a s t s and p o s s i b l y animal c e l l s a l s o . 
D u n a l i e l l a , species are n a t u r a l l y occuring a l g a l 
'protoplasts' , being s i m i l a r to Chlamydomonas sp. but. 
l a c k i n g a c e l l w a l l and might be used i n an i n v e s t i g a t i v e 
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study of f r e e z i n g i n j u r y . An added advantage i s tha t 
s e v e r a l of the B u n a l i e l l a species are t o l e r a n t of high 
s a l t c o n c e n t r a t i o n s . U s e f u l comparitive s t u d i e s could be 
made, as one aspect of f r e e z i n g i n j u r y i s r e l a t e d to 
osmotic s t r e s s e s . 
The CW15+ w a l l - l e s s mutant of Chlamydomonas 
reinhardtii i s a s i m i l a r u n i c e l l , w i t h the same inherent 
advantages. I t has already been used i n a, s e r i e s of 
i n v e s t i g a t i o n s i n t o the e f f e c t s of low temperatures, and 
consequently there e x i s t s an extensive body of r e l e v a n t 
l i t e r a t u r e (Morris et a i . , 1979, 1981, 1983, 1985, Grout 
et a i . , 1980, 1981, Clarke et a i . , 1982). For these 
reasons i t was adopted as the primary organism f o r t h i s 
study. 
Vegetative c e l l s of C. reinhardtii are extremely 
s u s c e p t i b l e to the s t r e s s e s of f r e e z i n g and thawing and 
hence provide a u s e f u l model system f o r i n v e s t i g a t i n g 
f r e e z i n g i n j u r y (Morris et a i . , . 1979, 1981 ) 'The low 
temperature response of the CW15+ mutant i s a l s o t y p i c a l 
of the wi l d - t y p e organism, d e s p i t e the absence of a c e l l 
w a l l (Grout et a i . , 1980), An advantage i n the use of 
CW15+ over the use of higher p l a n t p r o t o p l a s t s i s that 
t h i s i s a genet i c mutant which can syn t h e s i s e but not 
polymerise c e l l w a l l components, whereas p r o t o p l a s t s are 
enzymically i s o l a t e d from t h e i r c e l l w a l l s and continue to 
res y n t h e s i s e and l a y down new w a l l m a t e r i a l . 
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Chlamydomonas r e i n h a r d t i i i s c u l t u r e d i n a medium of 
45 mOsmol.kg-1 and the c e l l w a l l - l e s s mutant CW15+ (Hyams 
& Davies, 1971) t o l e r a t e s t h i s low o s m o l a l i t y due to 
c o n t r a c t i l e vacuole a c t i v i t y which r e g u l a t e s c e i l volume 
by a c t i v e pumping. This c o u l d confuse i n t e r p r e t a t i o n s of 
the e f f e c t s of osmotic s t r e s s e s and must be borne i n mind 
when c o n s i d e r i n g the r e a c t i o n s o c c u r r i n g w i t h i n t h i s 
organism f o l l o w i n g f r e e z i n g s t r e s s e s . Any treatment which 
i n a c t i v a t e s the c o n t r a c t i l e vacuole but s t i l l a llows 
osmotic uptake of water by the c e l l w i l l cause l y s i s . The 
r o l e of the c o n t r a c t i l e vacuole i n c h i l l i n g and f r e e z i n g 
i n j u r y i s unclear and r e q u i r e s f u r t h e r i n v e s t i g a t i o n . 
C. r e i n h a r d t i i i s a m e s o p h i l i c , freshwater species 
s e n s i t i v e to both freeze-thaw and shrinkage-expansion 
i n j u r y (Morris et al., 1981). Some r e l a t e d species have 
evolved r e s i s t a n c e to d i u r n a l f r e e z i n g ( C, n i v a l i s ) or 
s a turated s a l t s o l u t i o n s {Dunaliella salina) and these 
could prove v a l u a b l e i n comparative s t u d i e s . C. 
r e i h h a r d t i i responds to c e r t a i n adverse environmental 
c o n d i t i o n s by i n i t i a t i o n of sexual r e p r o d u c t i o n (Sager & 
Granick, 1954*), r e s u l t i n g i n the formation of zygotes, the 
most r e s i s t a n t stage i n the l i f e c y c l e . In the environment 
there i s no s e l e c t i o n pressure to evolve f r e e z i n g 
r e s i s t a n c e i n v e g e t a t i v e c e l l s as the species can 
overwinter as these zygotes. No process s i m i l a r to t h a t of 
c o l d hardening i n higher p l a n t s can be induced i n c e l l s of 
C. r e i n h a r d t i i (Morris et al. , 1979). In species of algae 
which do not form zygotes, the v e g e t a t i v e c e l l s are e i t h e r 
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i n t r i n s i c a l l y r e s i s t a n t to f r e e z i n g i n j u r y or mechanisms 
f o r i n c r e a s i n g f r e e z i n g t o l e r a n c e e x i s t ( M o r r i s , 1980). 
C. r e i n h a r d t i i has an optimum growth temperature of 
about 20°C. At both higher and lower temperatures the r a t e 
of c e l l d i v i s i o n decreases and at 10°C i t i s i n h i b i t e d 
completely. (Morris et aJ,1981). 
The low o s m o l a l i t y medium (45 mOsmol.) i n which C. 
reinhardtii CW15+ i s c u l t u r e d has important consequences 
fo r the p r o p e r t i e s of s o l u t i o n s d u r i n g f r e e z i n g . At any 
sub zero temperature above the e u t e c t i c p o i n t the 
o s m o l a l i t y of an i d e a l , d i l u t e aqueous s o l u t i o n i n 
e q u i l i b r i u m w i t h i c e i s 
1-86 ^ • 
The p o r t i o n of unfrozen s o l u t i o n i s t h e r e f o r e d i r e c t l y 
r e l a t e d to the molar c o n c e n t r a t i o n before f r e e z i n g , and 
f o r C. reinhardtii growth medium the f r a c t i o n of'unfrozen 
medium f o l l o w i n g the formation of i c e w i l l be l e s s than 1% 
at -130 0 (Morris and McGrath, 1981). The c e l l s are thus 
r e s t r i c t e d to a r e l a t i v e l y small aqueous compartment wi t h 
a g r e a t l y increased o s m o l a l i t y . Osmotic s t r e s s i s 
the r e f o r e a d i r e c t consequence of the presence of e x t e r n a l 
i c e at r e l a t i v e l y high subzero temperatures. 
C. r e i n h a r d t i i .CWl5+ can be undercooled to at l e a s t 
-7.50C without l o s s of v i a b i l i t y . When subjected to 
f r e e z i n g at 0.25°C/min. c e l l s are damaged at high subzero 
temperatures; the median l e t h a l temperature i s -5,3°C 
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(Grout et al, 1980). 
Cryomicroscopy has allowed the events o c c u r r i n g i n a 
c e l l sample to be witnessed during a freeze-thaw c y c l e 
(Morris et al, 1981). At slow r a t e s of c o o l i n g , (0 . 25oC 
min-1) c e l l s undergo osmotic dehydration i n narrow aqueous 
channels between i c e p l a t e s . Upon thawing, damaged c e l l s 
s w e l l beyond t h e i r o r i g i n a l volume and v e s i c u l a t i o n of the 
cytoplasm takes p l a c e . At f a s t e r r a t e s of c o o l i n g , 
i n t r a c e l l u l a r i c e forms at temperatures below -8°C. The 
l o s s of v i a b i l i t y observed by Grout et aJ.(1980) i s 
t h e r e f o r e assumed to be the r e s u l t of s t r e s s e s a s s o c i a t e d 
with shrinkage and r e h y d r a t i o n . The r a t e of c o o l i n g i s too 
slow and the temperature at which i n j u r y occurs i s too 
high f o r primary damage to be a s s o c i a t e d with 
i n t r a c e l l u l a r i c e . 
The a s s o c i a t i o n between v i a b i l i t y r e d u c t i o n and 
changes i n the plasma membrane has been demonstrated by 
the r e l e a s e of enzymes (Grout et aJ.,1980). 
R e s p i r a t i o n and H i l l r e a c t i o n are s e n s i t i v e to low 
temperatures; both are reduced by f r e e z i n g and 
undercooling to - 5 ° C . The mechanism of i n h i b i t i o n must be 
r e p a i r a b l e or r e v e r s i b l e f o r such short term undercooling, 
does not reduce c e l l v i a b i l i t y (Grout et al., 1981) 
A marked a l t e r a t i o n i n the e l e c t r o p h o r e t i c m o b i l i t y of 
the c e l l has been observed f o l l o w i n g f r e e z i n g below 
-2 .5°C, but no change occurred i n undercooled c e l l s (Grout 
et aJ.,1980). These a l t e r a t i o n s may be due to changes i n 
plasma membrane s t r u c t u r e w i t h respect to the p o s i t i o n i n g 
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of charged groups at the surface eg. p r o t e i n s and l i p i d s , 
and the masking of charged groups by compounds l e a k i n g 
from the c e l l i n t e r i o r as a r e s u l t of i n j u r y . A n a l y s i s of 
phos p h o l i p i d f a t t y a c i d composition of the plasma membrane 
has shown changes to occur while a sample i s frozen a t 
-50 0 (Morris et al., 1979) . The o v e r a l l t r e n d i s a l o s s of 
polyunsaturated f a t t y a c i d s and a corresponding increase 
i n the more sa t u r a t e d f a t t y a c i d s . There was a l s o a 
re l e a s e of free' f a t t y a c i d s . The change i n l i p i d 
composition becomes apparent only with i n c r e a s i n g time at 
20°C, i n d i c a t i n g t h a t i t i s a secondary event and not the 
primary cause of f r e e z i n g i n j u r y . However, the r e l e a s e of 
l i p i d breakdown products from damaged c e l l s may a f f e c t 
p o t e n t i a l l y v i a b l e c e l l s . Free f a t t y a c i d s , which are 
rele a s e d f o l l o w i n g f r e e z i n g and thawing are p o t e n t i a l 
i n h i b i t o r s of photosynthesis (Krogman and Jagendorf, 1959) 
and t h i s may account f o r some of the d i f f e r e n c e s observed 
between metabolic a c t i v i t y and c e l l u l a r v i a b i l i t y . 
A l i m i t e d amount"of t h i n s e c t i o n e l e c t r o n microscopy 
has been c a r r i e d out. I n v e s t i g a t i o n s showed 
u l t r a s t r u c t u r a l changes f o l l o w i n g f r e e z i n g to -5oC at 
0.250c min-1. to be so numerous t h a t i t was not p o s s i b l e 
to speculate on a s p e c i f i c primary s i t e of i n j u r y (Clarke 
et a l . , 1982) . 
The work on C. reinhardtii, o u t l i n e d above, c a r r i e d 
out by Mor r i s and Grout and a s s o c i a t e s , complements the 
research of Steponkus on higher p l a n t p r o t o p l a s t s . Both 
groups have shown tha t a l t e r a t i o n s to the s t r u c t u r e and 
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f u n c t i o n of the c e l l u l a r membranes are e a r l y events of 
freeze-thaw i n j u r y . However, the biochemistry of t h i s 
i n j u r y i s not understood. I t has not proved p o s s i b l e to 
d i s t i n g u i s h a primary s i t e of membrane i n j u r y from 
secondary p a t h o l o g i c a l events, or to p i n p o i n t the time of 
i n j u r y . There may not be one primary s i t e of i n j u r y , and 
i f one does e x i s t i t i s l i k e l y t h a t i t would d i f f e r 
between d i f f e r e n t organisms and f o l l o w i n g d i f f e r e n t 
freeze-thaw p r o t o c o l s . 
I t i s intended i n t h i s p r o j e c t to extend the 
i n v e s t i g a t i o n i n t o f r e e z i n g i n j u r y i n Chlamydomonas 
reinhardtii CW15+. The major l i n e s of i n t e r e s t to be 
follo w e d are: 
1) to i n v e s t i g a t e the e f f e c t of time, temperature and 
c o o l i n g r a t e f a c t o r s i n a freeze-thaw p r o t o c o l on c e l l 
v i a b i l i t y and to c a t e g o r i s e the s t r e s s e s i n v o l v e d i n the 
d i f f e r e n t regimes. E a r l i e r research on C. reinhardtii has 
mainly been r e s t r i c t e d to the use of one f r e e z i n g 
p r o t o c o l , i e . c o o l i n g at 0.25oCmin-i to temperatures down 
to -10°C. I n t r a c e l l u l a r i c e formation has been witnessed 
at f a s t e r c o o l i n g r a t e s but no s t u d i e s have undertaken to 
i d e n t i f y the i n j u r y i n f l i c t e d at these r a t e s . 
2) to employ new cryo-video microscopy and e l e c t r o n 
microscopy techniques to l o c a t e the s i t e of i n j u r y 
a f f e c t e d by each of the p h y s i c a l or chemical s t r e s s e s 
i d e n t i f i e d . U s e f u l comparisons can be made with higher 
p l a n t p r o t o p l a s t systems. Steponkus and coworkers have 
i d e n t i f i e d three d i s t i n c t forms of f r e e z i n g i n j u r y by 
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d i r e c t L.M. observations during a freeze-thaw c y c l e 
(Steponkus and Dowgert, 1981, Wiest and Steponkus, 1978, 
Steponkus, 1982), and have shown the s p e c i f i c form of 
i n j u r y to depend on the freeze^thaw p r o t o c o l and the 
hardiness of the t i s s u e from which the p r o t o p l a s t s were 
i s o l a t e d . 
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MATERIALS AND METHODS 
2.1. C u l t u r e c o n d i t i o n s f o r Chlamydomonas reinhardtii. 
Chlamydomonas reinhardtii, s t r a i n 11/32 CWIS* i s a 
mutant form of the wi l d - t y p e 11/32C, which i s unable to 
deposit c e l l w a l l m a t e r i a l (Hyams & Davies, 1971). This 
c e l l i s thus surrounded by i t s plasma membrane only. 
Cultures were grown i n s t a t i c l i q u i d c u l t u r e on a 7 day 
cy c l e i n the medium recommended by the I.T.E. Culture 
Centre f o r Algae and Protozoa i n Cambridge, who s u p p l i e d 
the o r i g i n a l c e l l s t o c k s . 
The medium i s made up i n d i s t i l l e d water according to 
the f o l l o w i n g r e c i p e : 
Sodium acetate 0.1% w/v 
Beef e x t r a c t 0.1% w/v 
Yeast e x t r a c t 0.2% w/v 
Tryptone 0.2% w/v 
Anhydrous CaClz 0.001% w/v 
Agar 1.0% w/v ( s o l i d medium only) 
The c u l t u r e medium has an o s m o l a l i t y of 45 mOsmol.kg-^ 
and pH of 6.95. 
At s u b c u l t u r e , 0.5ml of a 7 day o l d c u l t u r e 
( c o n t a i n i n g approximately 5 X lO^ c e l l s ml"^) was 
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t r a n s f e r r e d i n t o 50ml s t e r i l e c u l t u r e medium i n a 100ml 
Erhlenmeyer f l a s k which was then sealed by aluminium f o i l . 
F l a s k s were placed i n a Gallenkamp inc u b a t o r , which 
maintained a temperature of 23°C and provided continuous 
l i g h t at an i n t e n s i t y of 32,000 l u x . at s h e l f l e v e l . 
Dark-grown c u l t u r e s were maintained i n a s i m i l a r 
manner but the c u l t u r e v e s s e l s were e n t i r e l y enclosed i n 
aluminium f o i l . 
T y p i c a l growth curves of CW15+ c e l l c u l t u r e s are 
presented i n Appendix I . Experimental samples were taken 
on the 5th day of the c y c l e , when c e l l s were i n the e a r l y 
s t a t i o n a r y stage of growth. I t was important to always use 
samples at the same stage of growth and grown under the 
same c o n d i t i o n s , as any changes could a f f e c t the response 
to c o o l i n g (Grout & M o r r i s , 1987). 
2.2. C e l l numbers 
C e l l numbers were determined using a standard 
haemocytometer (improved Neubauer), marked wi t h two g r i d s 
0.1mm deep, each with an area of Imm^. Both g r i d s were 
counted f o r t r i p l i c a t e samples i n each case. C e l l s from 
c u l t u r e s i n the exponential phase of growth were very 
a c t i v e making counting d i f f i c u l t . To overcome t h i s problem 
c e l l samples were f i x e d with 2.5% v/v glutaraldehyde p r i o r 
to mounting on the s l i d e and the d i l u t i o n taken i n t o 
account when making c a l c u l a t i o n s . 
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2.3. V i a b i l i t y assays^ 
V i a b i l i t y assays were c a r r i e d out f o l l o w i n g v a r i o u s 
experimental f r e e z i n g p r o t o c o l s . 
From each experimental sample ( p r e v i o u s l y d i l u t e d to 
r e s u l t i n approximately 500 c e l l s ml-^) 0.4ml was 
t r a n s f e r r e d to a s t e r i l e p e t r i d i s h and covered with agar 
medium (see Appendix I) at 40«C (the lowest temperature at 
which the agar medium w i l l remain l i q u i d , a f t e r m elting at 
90°C). The d i s h was a g i t a t e d without t i l t i n g to d i s p e r s e 
the c e l l s i n the agar medium. 
When the agar had set the p e t r i dishes were s e a l e d 
with Nescofilm and placed i n a Gallenkamp incubator under 
normal growth c o n d i t i o n s (see s e c t i o n 2.1.). P e t r i , dishes 
were placed upside down so that condensation d i d not s i t 
on the s o l i d growth medium. 
C o n t r o l p l a t e s were set up from samples subjected to 
the same d i l u t i o n s as experimental samples, but without 
any c o o l i n g treatment. 
A f t e r two weeks, the number of c o l o n i e s growing on 
each p l a t e was counted and recorded ( f i g u r e 2.1.). 
Experimental sample values were compared wi t h c o n t r o l 
values to c a l c u l a t e the percentage of v i a b l e c e l l s i n each 
sample. 
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Figure 2.1 Viable cells divide to form colonies 
in agar medium.which can be counted 
to assess the percentage viability 
of a population. 
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2.4. C r y o - l i g h t microscopy. 
Experiments were c a r r i e d out on a L e i t z D i a l u x 22 
l i g h t microscope, modified to provide c o n t r o l l e d c o o l i n g 
and warming (McGrath, 1987). The microscope had been 
adapted by s u b s t i t u t i n g a s p e c i a l l y designed heat t r a n s f e r 
stage ( f i g u r e 2.2.) f o r the conventional microscope t a b l e 
and s l i d e . 
Temperature i s c o n t r o l l e d i n t h i s system by a l t e r i n g 
the e l e c t r i c a l input to a t h i n f i l m heater, placed between 
the sample and a low temperature 'heat s i n k ' , cooled by 
l i q u i d n i t r o g e n . D i f f e r e n t r a t e s of temperature change can 
be obtained by maintaining the heat s i n k temperature at a 
constant l e v e l and va r y i n g the heater in p u t . A t h i n f o i l 
(50um thi c k n e s s ) thermocouple, embedded i n epoxy r e s i n , i s 
sandwiched between two l a y e r s of g l a s s above the heater. 
An Apple computer, l i n k e d to the system, c o n t r o l s the 
temperature by instantaneous comparison of the 
thermocouple output w i t h the d e s i r e d temperature. 
The operating temperature range i s +100°C to -100°C 
and the range of c o o l i n g r a t e s a t t a i n a b l e are from l e s s 
than 0.01°C min-i to 250°C min-^. Within these l i m i t s the 
system i s accurate to w i t h i n 0.5°C. 
Each freeze-thaw p r o t o c o l was programmed by the 
microcomputer l i n k e d to the cryo microscope. 
5 day old,. light-grown c u l t u r e s of C.. reinhardtii 
CW15+ were used. Samples were concentrated lOX by 
c e n t r i f u g a t i o n f o r two minutes i n an Eppendorf 5412 
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Metal plate 
Heat flux 
Objective 
Refrigerant flow channel 
[one on each side] 
Cover glass 
Sample 
Transparent heater 
Figure 2.2 Section through conduction stage used for cryolight microscopy, 
[from McGrath,1987] 
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c e n t r i f u g e . A sample of 3 jul was mounted beneath a g l a s s 
c o v e r s l i p on the microscope Stage. 
Each c o o l i n g curve was recorded using a 
copper/constantan thermocouple mounted under the c o v e r s l i p 
and c l o s e to the perimeter of the f i e l d of view examined 
i n the experiment. 
The response of each po p u l a t i o n was observed d i r e c t l y , 
using d i f f e r e n t i a l i n t e r f e r e n c e c o n t r a s t (40/0.7 
o b j e c t i v e ) combined with a 2X m a g n i f i c a t i o n changer. The 
r e s u l t s were recorded on video ( H i t a c h i HV-1-65 camera, 
Sony U-matic recorder model VO-5630) and played back f o r 
a n a l y s i s on a video monitor" ( H i t a c h i model VM-906a). 
Photographs were taken d i r e c t l y from the video screen 
using a P o l a r o i d land camera (model CU-5, f i l m type.667). 
2.5. E l e c t r o n microscopy 
2.5.1. standard specimen p r e p a r a t i o n procedure f o r TEM. 
A survey of d i f f e r e n t f i x a t i o n methods was c a r r i e d 
out, to determine the most s u i t a b l e f o r t h i s p a r t i c u l a r 
specimen (see appendix 2.). 
F i x a t i o n was c a r r i e d out on c e l l samples from 5 day 
ol d c u l t u r e s , . i n c e n t r i f u g e tubes, unless otherwise 
i n d i c a t e d . Samples were i n the form of c e n t r i f u g a l 
p e l l e t s , each c o n t a i n i n g approximately 5 X 10^ c e l l s . 
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which were resuspended at each step i n the procedure. 
C e n t r i f u g a t i o n was at 1,600 rpm. i n a MSE bench c e n t r i f u g e 
f o r 2 minutes. 
For t r a n s m i s s i o n e l e c t r o n microscopy f i x a t i o n was 
followed by dehydration through a graded ethanol s e r i e s , 
as shown below: 
. 50% ethanol 5 mins 
70% ethanol 5 mins 
95% ethanol 5 mins 
100% ethanol 5 mins 
100% ethanol 5 mins 
During dehydration the p e l l e t s were d e l i b e r a t e l y 
incompletely suspended; t h i s r e s u l t e d i n approximately 20 
p e l l e t fragments and each of these was subsequently taken 
through the r e s i n i n f i l t r a t i o n stage i n t a c t , p r o v i d i n g the 
samples f o r embedding. 
Samples were then subjected to a pr o g r e s s i v e 
i n f i l t r a t i o n of Spurr's r e s i n (Spurr, 1969, 
Marchese-Ragona and Johnson,1982).. F o l l o w i n g 
p o l y m e r i s a t i o n i n a 70°C oven f o r 8 hours, the blocks were 
sectioned on an LKB Ultrotome I or R e i c h e r t U l t r a c u t , 
double s t a i n e d with u r a n y l acetate ( s a t u r a t e d s o l u t i o n i n 
methanol) and l e a d c i t r a t e (Reynolds, 1963) and examined 
i n a P h i l i p s EM300 TEM. 
Micrographs were taken on Kodak 4484 p l a t e f i l m , 
developed f o r . 4 minutes at 20°C i n D19 d i l u t e d 1:2 with 
water, and p r i n t e d on I l f o s p e e d photographic paper, grade 
2. 
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2.5.2. Isothermal f r e e z e - f i x a t i o n . 
For specimens to be c h e m i c a l l y f i x e d i n the f r o z e n 
s t a t e , the standard mixed f i x a t i v e of glutaraldehyde and 
osmium t e t r o x i d e was used. In order to lower the f r e e z i n g 
point of the f i x a t i v e s o l u t i o n to the minimum temperature 
of the freeze-thaw treatment, sodium acetate and calcium 
c h l o r i d e were added. These s a l t s are normally present i n 
the c u l t u r e medium. The f i x a t i v e used at - 5oC c o n s i s t e d of 
0.8% v/v glutaraldehyde and 0.7% osmium t e t r o x i d e i n O.OIM 
sodium cacodylate b u f f e r ( t o t a l o s m o l a l i t y = 140 mOsmol 
kg-i) with the a d d i t i o n of 9.9% w/v sodium ac e t a t e ' and 
0.99% w/v calcium c h l o r i d e to increase the o s m o l a l i t y of 
the s o l u t i o n to 2.681 Osmol kg-i and reduce the f r e e z i n g 
p o i n t to -4.9950c. This was c a l c u l a t e d by applying the 
equation -
^oC / 1.86 = O s m o l a l i t y (Osmoles kg-1 ) 
To f i x samples at -lO^ C 19.9% w/v sodium acetate and 
1.99% w/v calcium c h l o r i d e were added to the f i x a t i v e to 
increase the t o t a l o s m o l a l i t y of the s o l u t i o n to 5.248 
Osmol kg-1, and reduce the f r e e z i n g p o i n t to -9.94 ° C . 
The frozen samjple was t r a n s f e r r e d to a 30ml u n i v e r s a l 
c o n t a i n i n g 10ml precooled f i x a t i v e , and h e l d at -5 ° C or 
-10"C u n t i l the sample turned brown/black ( i e . showed 
evidence of osmium t e t r o x i d e f i x a t i o n ) . This took 54 hours 
at -50C and 67 hours at -10"C. Samples " were then thawed 
and the standard procedure was f o l l o w e d (as d e s c r i b e d i n 
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s e c t i o n 2 . 5 .1. ) • 
2.5.3. Freeze s u b s t i t u t i o n procedure f o r TEM. 
(1) Specimen holder 
C i r c u l a r loops about 0.2mm t h i c k were s l i c e d from the 
t i p of a p l a s t i c Pasteur p i p e t t e , w i t h 1.5mm i n t e r n a l 
diameter, and 2mm e x t e r n a l diameter. S i x loops were 
attached by a r a l d i t e to f i n e wooden s p l i n t s r a d i a t i n g from 
the t i p of a specimen support p i n ( f i g u r e 2.3.). 
For temperature measurement a chromel/alumel 
thermocouple (25jum wire t h i c k n e s s ) was passed through the' 
p i n with i t s j u n c t i o n p r o j e c t e d i n t o the centre of one of 
the loops. The j u n c t i o n was approximately 50-75 ^^m i n 
width and 100 jum i n l e n g t h . The thermocouple was connected 
to a Jenway J400 d i g i t a l thermometer which was i n t u r n 
l i n k e d to a Rikadenki chart recorder. 
The loops were f i l l e d w ith 3jul sample drops of 5 day 
o l d CW15+ c u l t u r e (concentrated lOX by c e n t r i f u g a t i o n ) by 
m i c r o p i p e t t e . 
(2) U l t r a - r a p i d plunge c o o l i n g 
The plunge c o o l i n g device ( f i g u r e 2.4.) was t h a t 
reported by Ryan and Purse (1985). 
The cryogen u n i t c o n s i s t s of two c o n c e n t r i c copper 
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Figure 23 Specimen iiolder for rapid plunge 
cooling prior to freeze substitution. 
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pipes (15 X ISOmm and 40 X 130mm) f i t t e d with a base 
p l a t e . This u n i t i s housed i n a brass r i n g i n a brass 
p l a t e at the base of a polystyrene f r e e z i n g chamber. The 
f r e e z i n g chamber i s supported on a v«?ooden baseboard over a 
magnetic s t i r r e r . 
The p o l y s t y r e n e box i s f i l l e d w ith l i q u i d n i t r o g e n to 
the l e v e l of the outer copper pipe. 
Ethane gas i s f e d from the supply c y l i n d e r through 
p l a s t i c tubing which i s submerged f o r p a r t of i t s length 
i n a f l a s k of l i q u i d n i t r o g e n , to l i q u i f y the ethane gas. 
The p l a s t i c tubing i s connected to a narrow copper supply 
tube which runs down the space between the copper pipes 
and j o i n s the inner pipe near i t s base. This provides an 
a d d i t i o n a l s i t e f o r l i q u i f y i n g the ethane gas. The p l a s t i c 
tubing i s removed from the copper tube a f t e r the cryogen 
has been prepared. 
The melting p o i n t of ethane i s -183°C ( S y l v e s t e r et 
al., 1981), and i s kept above t h i s temperature by a 
c a r t r i d g e heater f i t t e d i n a copper block between the two 
pipes. 
The plunger rod i s mounted on a gantry above the 
f r e e z i n g chamber. Reproducible c o o l i n g r a t e s are achieved 
by using a piece of e l a s t i c looped around the gantry and 
plunger rod to c a t a p u l t the end of the rod, c o n t a i n i n g the 
specimen, i n t o the cryogen. A rubber stop h a l t s the 
movement of the rod when the sample has dropped 5 5mm 
through the cryogen. The end of the rod i s d r i l l e d out to 
hold the specimen support p i n s . 
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A f t e r plunging, the rod i s r a i s e d to l i f t the specimen 
j u s t above the copper pipe and the gantry i s s w i v e l l e d 
q u i c k l y so t h a t the specimen can be lowered i n t o a bucket 
hooked over the s i d e of the p o l y s t y r e n e box, and 
c o n t a i n i n g l i q u i d n i t r o g e n . The specimen support p i n i s 
detached from the plunger rod under l i q u i d n i t r o g e n and 
can be removed from the f r e e z i n g chamber i n t h i s 
c o n t a i n e r . 
(3) Experimental c o o l i n g treatment p r i o r to f i x a t i o n . 
The sample p i n was f i x e d to the plunger rod of the 
c o o l i n g device and the experimental c o o l i n g treatment was 
c a r r i e d out i n the l i q u i d n i t r o g e n vapour. A c y l i n d r i c a l 
c h i l l i n g chamber (a 477mm length of 110mm diameter p l a s t i c 
pipe) placed above the cryogen u n i t (supported on the l i d 
of the polystyrene box) served two f u n c t i o n s ; f i r s t l y i t 
prevented d i s p e r s a l of the n i t r o g e n vapour, enabling i t to 
be used to c o o l the specimen during the experimental 
c o o l i n g treatment p r i o r to plunging, and secondly i t 
protected the sample from convection c u r r e n t s which would 
have caused f l u c t u a t i o n s i n the c o o l i n g r a t e . The d i s t a n c e 
between the sample and the cryogen determined the c o o l i n g 
r a t e ; the specimen was lowered mechanically to achieve the 
d e s i r e d c o o l i n g r a t e by r e s t i n g the specimen rod on the 
arm of a Palmer stand. Turning the handle on top of the 
stand one t u r n lowered the specimen 1mm. The c o o l i n g r a t e 
was monitored by watching the gradient of the curve t r a c e d 
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b,y the chart recorder. At the minimum temperature of the 
chosen f r e e z i n g p r o t o c o l the specimen was i n j e c t e d i n t o 
the l i q u i d ethane cryogen. 
F i x a t i o n by fr e e z e s u b s t i t u t i o n 
The specimen, s t i l l attached to the support p i n , was 
t r a n s f e r r e d to the surface of the s u b s t i t u t i o n f l u i d , 
which c o n s i s t e d of 1ml of 0.8% glutaraldehyde and 0.7% 
osmium t e t r o x i d e i n methanol cooled to - 1 9 6 ° C i n a 48 X 
12.5mra Nunc cryotube. The sample tube was placed i n a 
basket i n the neck of a 25 l i t r e l i q u i d n i t r o g e n dewar, 
1/3 f u l l , where i t warmed up to - 8 0 ° C (measured by 
thermocouple) and was maintained at tha t temperature f o r 
48 hours. I t i s p o s s i b l e f o r i c e c r y s t a l growth to take 
place at -80oC so there i s a danger of c r y s t a l l i n e changes 
o c c u r r i n g a f t e r r a p i d plunge-cooling but before - - f i x a t i o n 
by s u b s t i t u t i o n with a chemical f i x a t i v e . However, c r y s t a l 
growth i s a time-dependent process and 48 hours at - 8 0 ° C 
seems to provide i n s u f f i c i e n t exposure to r e s u l t i n 
d e t e r i o r a t i o n of the sample (SSrpFibrec-F^ 't,,. 1^82) • Methanol 
i s frozen at - 1 9 6 ° C and melts at - 9 4 ° C ( S y l v e s t e r et al., 
1981), so the sample would sink i n t o the f l u i d at t h i s 
stage. 
The sample i n s u b s t i t u t i o n f l u i d was warmed to room 
temperature over 90 minutes. 
The c e l l p e l l e t s had detached from the specimen 
holder', which was then removed. The s u b s t i t u t i o n f l u i d was 
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removed by c e n t r i f u g a t i o n and replaced by methanol at room 
temperature. This was exchanged f o r ethanol, which i s 
m i s c i b l e w i t h Spurr's r e s i n , and conventional specimen 
p r e p a r a t i o n procedure f o r TEM was fo l l o w e d from t h i s 
p o i n t . 
2.5.4. Standard specimen p r e p a r a t i o n procedure f o r SEM 
For SEM, specimen samples were c h e m i c a l l y f i x e d by the 
method used f o r TEM wi t h dehydration i n an acetone or 
ethanol s e r i e s . Samples were then d r i e d i n a Samdri PVT3 
c r i t i c a l p o i n t d r i e r , using CO2 as the t r a n i s i t i o n f l u i d . 
.A lOnm t h i c k g o l d c o a t i n g was a p p l i e d to the specimen 
by vacuum evaporation i n a Polaron s p u t t e r c o a t i n g u n i t 
E5100 with a Polaron E5500 f i l m t h i c k n e s s monitor. This 
coating prevents an e l e c t r i c a l charge or heat from 
b u i l d i n g up while the specimen i s being examined under the 
e l e c t r o n beam. Examination took place i n a J e o l JSM 35C or 
J e o l T20 scanning e l e c t r o n microscope. 
Micrographs were taken on I l f o r d FP4 f i l m , developed 
f o r 8 minutes at 20°C i n Microphen, d i l u t e d 1:1 with 
water, or on Kodak TMAX, ASA 100, developed f o r 12 minutes 
at 20°C i n D76, d i l u t e d 1:1 with water, and p r i n t e d on 
I l f o s p e e d photographic paper, grade 3. 
2.5.5. F r e e z e - f i x a t i o n procedure f o r Cryo SEM. 
U l t r a r a p i d freeze f i x a t i o n was used as an a l t e r n a t i v e 
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to chemical f i x a t i o n i n c o n j u n c t i o n w i t h the cryostage of 
the scanning e l e c t r o n microscope (Roberts et al., 1987). 
Low temperature scanning e l e c t r o n microscopes 
(cryo-SEMs) were developed to overcome the problems 
encountered i n the study of hydrated specimens or 
specimens which were caused to melt by the heating e f f e c t 
of the e l e c t r o n beam (Sargent, 1987). In ' t h i s p a r t i c u l a r 
study i t was necessary to f i x specimens extremely r a p i d l y 
at chosen stages i n the freeze-thaw c y c l e . Plunge c o o l i n g 
i n t o a l i q u i d cryogen was chosen as the most r a p i d method 
of f i x a t i o n i n c u r r e n t use. The specimen might then be 
f i x e d and dehydrated by a number of d i f f e r e n t methods 
before b r i n g i n g i t back to room temperature. However, by 
simply t r a n s f e r r i n g i t to the c o l d stage of a scanning 
e l e c t r o n microscope i t may be examined with no f u r t h e r 
treatment and a v o i d i n g f u r t h e r o p p o r t u n i t y f o r the 
development of a r t i f a c t s . 
Specimen samples were mounted i n a s p e c i a l l y adapted 
specimen holder which was constructed by b o r i n g a 0.5mm 
diameter h o l e , by l a s e r beam, through a s i z e 0 g l a s s 
c o v e r s l i p and f i x i n g t h i s w i t h gl a s s adhesive to an i n t a c t 
c o v e r s l i p of the same dimensions. 3 nil of the c e l l sample 
was placed i n the w e l l of t h i s assembly by m i c r o p i p e t t e 
and covered by a fragment of g l a s s c o v e r s l i p ( f i g u r e 2.5). 
F i x a t i o n i n v o l v e d removing the sample holder from the 
Cryo-LM specimen stage and immediately plunging i t 
r a p i d l y , by hand, i n t o l i q u i d n i t r o g e n . The samples were 
then s t o r e d , and t r a n s p o r t e d as r e q u i r e d , i n l i q u i d 
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glass adhesive specimen well glass coverslip fragment 
Figure 2.5 Sample holder used for cryo-SE.M,shown In position 
on cryo-LM specimen stage. [Roberts etal. 1987] 
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n i t r o g e n . 
A P h i l i p s SEM 505 scanning e l e c t r o n microscope, with a 
cryotrahs CTIOOO c o l d stage system (Hexland Instruments 
L t d . , Wantage, UK) was used. This system uses the 
conduction of c o l d n i t r o g e n gas through the specimen 
stage. 
The g l a s s cover to the sample w e l l was removed under 
l i q u i d n i t r o g e n and the cryo-LM sample holder f i t t e d to a 
s p e c i a l l y adapted cryo-SEM specimen holder. The e n t i r e 
assembly was t r a n s f e r r e d , using a shrouded t r a n s f e r 
device, to the precooled (-I8O0C) SEM. iCe was sublimed 
from the specimen surface i n the microscope column, by 
r a i s i n g the temperature of the microscope stage to -70°C 
f o r approximately 5 minutes. Sublimed water was c o l l e c t e d 
on an anticontaminator p l a t e l o c a t e d c l o s e to the specimen 
surface and held at -190°C. Gold s p u t t e r i n g i n an 
atmosphere of argon took place i n the specimen t r a n s f e r 
chamber of the SEM at 1 mA, 1.5. kV f o r 10 minutes, at 
-140°C. The microscope was operated at 25kV and 
micrographs were taken on Kodak FP4 f i l m which was 
developed f o r 8 minutes at 20°C i n Microphen, d i l u t e d 1:1 
with water. 
2.6. Fluorescence microscopy 
2.6.1. S e l e c t i v e s t a i n i n g of the mitochondrion w i t h 
rhodamine 123. 
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The f l u o r e s c e n t probe rhodamine 123 has been used 
p r e v i o u s l y to observe changes i n m i t o c h o n d r i a l morphology 
and a c t i v i t y i n C. reinhardtii CW15+ and wild-type 32C 
c e l l s (Morris et al. (1985). The dye e x h i b i t s 
potential-dependent i n t e r a c t i o n s with the m i t o c h o n d r i a l 
membrane. 
The method of s t a i n i n g was as f o l l o w s : 
(1) Concentrate a 50ml sample of 5-day CW15+ c u l t u r e lOOX 
by c e n t r i f u g a t i o n at 1,600.rpm i n an MSE bench c e n t r i f u g e 
f o r 2 minutes. 
(2) Carry out experimental treatment as re q u i r e d . 
(3) Resuspend p e l l e t i n ljug ml-1 Rhodamine 123 s o l u t i o n 
(2.63 X 10-6M). Incubate f o r 5 mins i n the dark at room 
temperature. 
(4) Wash twice i n f r e s h c u l t u r e medium ( f i r s t wash - 10 
ml, second wash - 5ml). 
(5) Mount a 5jul d r o p l e t on a g l a s s s l i d e under a cover 
s l i p , and view with an Olympus Vanox T l i g h t microscope i n 
epi f l u o r e s c e n c e mode, using blue e x c i t a t i o n l i g h t and a 
supplementary b a r r i e r f i l t e r , number B460 to e l i m i n a t e red 
autofluorescence from the c h l o r o p l a s t s of light-grown 
c e l l s . Viewing must be c a r r i e d out w i t h i n 20 mins of 
applying the s t a i n before t o x i c e f f e c t s of the s t a i n 
become apparent. 
2.6.2. S e l e c t i v e s t a i n i n g of the mitochondrion w i t h 
DiOC?{3). 
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The cyanine dye, 3,3'-diheptlyoxacarbocyanine i o d i d e 
(DiOC7{3), Molecular Probes Inc., Eugene, Oregon) was used 
to i d e n t i f y m i t o c h o n d r i a l changes t a k i n g place during 
f r e e z i n g and thawing. Uptake of t h i s f l u o r e s c e n t probe i s 
dependent on the membrane p o t e n t i a l of the mitochondrion 
(Lui et al., 1986). 
The method of s t a i n i n g was as f o l l o w s : 
(1) C e n t r i f u g e a 50ml sample of 5-day CV?15+ c u l t u r e at 
1,600 rpm i n an MSE bench c e n t r i f u g e f o r 2 minutes. 
(2) Resuspend c e l l p e l l e t i n 10ml 2X10"^M DiOC? (3). 
Incubate i n the dark f o r 15 mins, at room temperature. 
(3) C e n t r i f u g e sample again and remove supernatant. 
(4) Resuspend i n 5 mis f r e s h c u l t u r e medium. 
(5) Carry out experimental treatment as r e q u i r e d . 
(6) Mount a 5^1 d r o p l e t on a g l a s s microscope s l i d e under 
a hover s l i p . 
(7) View with an Olympus l i g h t microscope, using blue 
e x c i t a t i o n l i g h t and a supplementary b a r r i e r f i l t e r to 
e l i m i n a t e red autofluorescence from the c h l o r o p l a s t s of 
light-grown c e l l s . 
P r e l i m i n a r y t r i a l s r evealed t h a t 2X10"^M was the 
optimum dye c o n c e n t r a t i o n . At higher concentrations 
m o t i l i t y ceased and LM observations revealed i n j u r y to 
some c e l l s , evident as v e s i c u l a t i o n . At lower 
concentrations fluorescence was reduced. 
Reducing the dye to c e l l volume r a t i o s r e s u l t e d i n dye 
uptake by a lower percentage of the c e l l p o p u l a t i o n . 
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Photographs were taken on Kodak TMAX 400 ASA black and 
white f i l m , uprated to 1600 ASA by development f o r 10.5 
mins at 20°C i n D76. Photographs were p r i n t e d on I l f o s p e e d 
photographic paper, grade 4 or 5. 
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THE EFFECT OF FREEZING AND LOW TEMPERATURE ON VIABILITY 
3.1. Aims. 
When Mazur proposed h i s c l a s s i c two-factor hypothesis 
of f r e e z i n g i n j u r y , he s t a t e d that " i n order to design 
experiments to i n v e s t i g a t e mechanisms of f r e e z i n g i n j u r y , 
one needs to r e a l i s e t h a t such i n j u r y i s caused by at 
l e a s t two c l a s s e s of events;- one a l s o needs to know the 
c o o l i n g r a t e s over which each c l a s s e x e r t s i t s e f f e c t s so 
as to be able to s e l e c t r a t e s at which only one c l a s s i s 
ope r a t i v e " Mazur et al., 1972). 
Despite some in f o r m a t i o n being a v a i l a b l e (Morris et 
al., 1981) no systematic survey e x i s t s to present the 
e f f e c t s of changes i n c o o l i n g r a t e and lowest temperature 
on the subsequent regrowth of C. reinhardtii CW15+. 
Without such b a s i c i n f o r m a t i o n a c o n s t r u c t i v e 
i n v e s t i g a t i o n of cause and e f f e c t with respect to f r e e z i n g 
i n j u r y i n t h i s organism i s not p o s s i b l e . The f i r s t s e r i e s 
of experiments i n t h i s study i s an attempt to provide t h i s 
data. 
One of the advantages i n using t h i s organism i n 
f r e e z i n g i n j u r y s t u d i e s i s t h a t v i a b i l i t y can be assessed 
by regrowth assays f o l l o w i n g f r e e z i n g treatments. These 
give a more accurate assessment of v i a b i l i t y than the 
his t o c h e m i c a l techniques (eg. Evans Blue e x c l u s i o n and 
f l u o r e s c e i n d i a c e t a t e accumulation), or the determination 
62 

of osmotic a c t i v i t y , which are commonly used i n higher 
p l a n t p r o t o p l a s t s t u d i e s (Dowgert &*Steponkus, 1984) and 
which w i l l only detect i n j u r y of a s p e c i f i c nature - i t s 
absence being i n t e r p r e t e d as ' s u r v i v a l ' . 
Cold shock i n j u r y has a l s o been reported f o r t h i s 
organism (Morris et a i . , 1983) and may c o n t r i b u t e to 
i n j u r y during f r e e z i n g a t r a p i d c o o l i n g r a t e s . A 50% l o s s 
i n v i a b i l i t y was reported f o l l o w i n g r a p i d c o o l i n g to +2°C 
and v i a b i l i t y was reduced by about 93% f o l l o w i n g r a p i d 
c o o l i n g without f r e e z i n g to -10°C. M o r r i s (1981) s t a t e s 
that C. reinhardtii CW15+ can be undercooled by slow 
c o o l i n g to at l e a s t -7.5°C without l o s s of v i a b i l i t y and 
Franks et a i . (1983) have reported no l o s s of v i a b i l i t y 
f o l l o w i n g undercooling i n an emulsion to temperatures 
above ca.-30°C. V i a b i l i t y t e s t s f o l l o w i n g undercooling at 
two d i f f e r e n t r a t e s were c a r r i e d out w i t h i n the present 
study i n the l i g h t of these r e p o r t s . 
A f u r t h e r problem i n t h i s study concerns the sample 
tubes used, which are of a type c o n v e n t i o n a l l y used f o r 
cr y o p r e s e r v a t i o n , and hol d up to 2.5ml. I t i s accepted 
that thermal g r a d i e n t s e x i s t through samples when cooled 
and t h a t t h i s w i l l vary w i t h the s i z e of the sample and 
the c o o l i n g p r o t o c o l f o l l o w e d (Robards & S l e y t r , 1985). 
The sample volume used f o r c o o l i n g runs p r i o r to v i a b i l i t y 
t e s t i n g was 0.5ml, and f o r the EM i n v e s t i g a t i o n i n chapter 
5 was 1ml. The thermal gradient present through a 1ml 
sample has been measured and the data i s i n c l u d e d i n t h i s 
chapter. Although the sample volume does d i f f e r the 
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Time 
Figure 3.1 Cooling protocols and sampling 
points used for viability tests. 
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r e s u l t s i n d i c a t e t h a t the e f f e c t s of thermal gradients 
w i t h i n such bulk samples cannot be ignored. 
3.2. Experimental design. 
3.2.1. F r e e z i n g 
A v a r i e t y of c o o l i n g r a t e s were t e s t e d to a range of 
temperatures. C o o l i n g p r o t o c o l s and sampling p o i n t s used 
are shown diagrammatically i n f i g u r e 3.1. V i a b i l i t y was 
assessed by using colony growth assays w i t h i n agar p l a t e s . 
The f o l l o w i n g design was used. 
(a) 0.1 ml of 5-day c u l t u r e was t r a n s f e r r e d i n t o 9.9 ml of 
c u l t u r e medium. 
(b) 0.5 ml of t h i s d i l u t e d c u l t u r e was placed i n a 
stoppered p l a s t i c tube together with a copper/constantan 
thermocouple (wire thickness-.25mm), l i n k e d to a Jenway 
d i g i t a l thermometer wi t h a 0.1°C r e s o l u t i o n . 
(c) This tube was cooled at 1.5°C min-i to -2.5°C. 
(d) Ice n u c l e a t i o n was then t r i g g e r e d t h i g m o t r o p i c a l l y by 
knocking the tube s h a r p l y on the s i d e of the bath. 
(e) A f t e r f u r t h e r c o o l i n g according to the p a r t i c u l a r 
p r o t o c o l chosen, rewarming was c a r r i e d out by a g i t a t i o n i n 
a 30°C bath u n t i l no i c e was v i s i b l e and then by standing 
at room temperature u n t i l 20°C was reached. (This 
corresponds to approximately 50°C min-i to 0°C, a h o l d 
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time of 15 seconds w h i l e the i c e melts and then 30°C min-^ 
to 20° C) . 
(f) 0.1ml from the t r e a t e d suspension was t r a n s f e r r e d i n t o 
each of 5 tubes c o n t a i n i n g 9.9 ml of c u l t u r e medium, and 
these were i n d i v i d u a l l y mixed with a w h i r l i m i x e r . 
C e l l samples were then assayed f o r v i a b i l i t y (see 
M a t e r i a l s and Methods, chapter 2.). 
3.2.2. Low temperature without f r e e z i n g . . 
Two c o o l i n g r a t e s were used to assess the e f f e c t s of 
c o l d shock on unfrozen samples. 5 r e p l i c a t e s were used f o r 
each sample and the experiment was repeated three times. 
(a) 0.1 ml of 5 day c u l t u r e was t r a n s f e r r e d i n t o 9.9 ml 
c u l t u r e medium at room temperature and cooled to -5°C over 
30 minutes ( s l o w l y cooled sample), then h e l d at -5°C f o r 5 
minutes. 
(b) 0.1 ml of 5 day c u l t u r e was i n j e c t e d i n t o 9.9 ml 
c u l t u r e medium precooled to -5°C ( r a p i d l y cooled sample), 
then h e l d at -5°C f o r 5 minutes. 
(c) Each sample was removed from the c o o l i n g bath and 
mixed by a whirlimi.xer. 
(d) 0.1 ml from each sample was added to 9.9 ml c u l t u r e 
medium at 20°C and mixed again. 
(e) Samples were assayed f o r v i a b i l i t y (see m a t e r i a l s and 
methods, chapter 2). 
3.2.3. Assessment of the thermal g r a d i e n t present 
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throughout a 1ml sample. 
In order to assess the thermal gradient present i n the 
samples subjected to f r e e z i n g , a specimen tube was adapted 
by f i x i n g a set of thermocouples i n t o p o s i t i o n at var i o u s 
heights through the centre of the sample i n the tube 
( f i g u r e 3 . 4 . , i n s e t ) . During the f r e e z i n g treatment the 
temperature at each thermocouple t i p was recorded once per 
second, using a thermal data-logger connected to a BBC 
microcomputer (Garland Instruments L t d . ) . Two c o o l i n g 
p r o t o c o l s were used i n the t r i a l : - 1) l o C min-i to - I Q o C , 
2) 10°C min-i to -10?C. 
3 . 3 . R e s u l t s . 
3 . 3 . 1 . F r e e z i n g . 
R e s u l t s from the f u l l range of f r e e z i n g p r o t o c o l s are 
tab u l a t e d i n appendix 3 and presented i n summary form as a 
3-dimensional graph ( f i g u r e 3 . 2 ) . 
The only data p u b l i s h e d previous to t h i s study 
regarding the e f f e c t of f r e e z i n g on subsequent v i a b i l i t y 
of C. reinhardtii r e s u l t e d from a study using a s i n g l e 
c o o l i n g r a t e of .250C min-i (Morris et a J . , 1979, 1981). 
The r e s u l t s of that study are p l o t t e d w i t h i n the 3-D graph 
f o r comparison, and show c l o s e agreement w i t h the obtained 
r e s u l t s . E r r o r bars are marked on the curves r e p r e s e n t i n g 
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Figure 3.2 The.effect of cooling rate and minimum 
temperature reached on subsequent viability. 
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the slowest and the f a s t e s t c o o l i n g r a t e s to give an 
impression of the e r r o r i n v o l v e d , but omitted from the 
remainder to ease observation of the graph. 
Two shapes of curve are evident from the 3-D graph. At 
slow rates of c o o l i n g the curve becomes steeper w i t h drop 
i n temperature whereas at r a p i d c o o l i n g r a t e s the curve 
becomes more shallow w i t h drop i n temperature. 
The c o o l i n g r a t e of 2°C min-^ apparently marks the 
changeover from one shape of curve to the other. 
3 . 3 . 2 . Low temperature without f r e e z i n g . 
The r e s u l t s of c o l d shock t e s t s are a l s o t a b u l a t e d and 
presented as histograms i n f i g u r e 3 . 3 . In each 
experimental run the c o n t r o l samples and r a p i d l y cooled 
samples had lower colony counts than the s l o w l y cooled 
samples. Rapid c o o l i n g c o n s i s t e n t l y r e s u l t e d i n an 
approximately 50% drop i n s u r v i v a l as compared wi t h slow 
c o o l i n g , but showed no c o n s i s t e n t d i f f e r e n c e i n comparison 
with c o n t r o l samples. 
3 . 3 . 3 . Assessment of the thermal g r a d i e n t present 
throughout a 1ml sample 
Diagrams showing the thermal gradient present 
throughout the sample are presented as f i g u r e 3 . 4 . When 
the sample freezes at - 2 . 5 o C the exotherm causes the 
temperature at a l l monitored p o s i t i o n s to r i s e to 0 ° C . 
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The effect of cooling rate and minimum temperature on subsequent viability of C.reinhardtii CW15* 
Further c o o l i n g r e s u l t s i n the temperature of the lower 
regions dropping at a f a s t e r r a t e than the upper regions 
Thermocouples 1 and 2 remain at 0°C f o r 2-3 minutes at a 
c o o l i n g r a t e of l o C min-i and f o r approximately 1 minute 
at a c o o l i n g r a t e of 10°C m i n - i . 
The l a r g e s t g r a d i e n t i n temperature between the 
uppermost and lowest thermocouples i s from 0«C to -3.2 ° C 
i n the s l o w l y cooled sample, but i s from 0°C to -10°C i n 
the r a p i d l y cooled sample. The l a r g e s t thermal gradient i n 
both samples e x i s t s at the end of the p l a t e a u at 0°C h e l d 
by thermocouple 1. 
3.4. D i s c u s s i o n 
3.4.1. Free z i n g 
The two curve shapes evident i n the 3-D graph i n d i c a t e 
that at l e a s t two types of s t r e s s are a c t i n g on the 
- ce/lTs- during f r e e z i n g . By p l o t t i n g v i a b i l i t y a g a i n s t 
c o o l i n g - r a t e ( f i g u r e 3.5.) the r e s u l t s can be i n t e r p r e t e d 
i n terms of Mazur's two f a c t o r hypothesis (Mazur et al., 
1972). This hypothesis suggests t h a t s u r v i v a l i s 
determined by at l e a s t two c l a s s e s of f a c t o r s o p p o s i t e l y 
dependent on c o o l i n g r a t e , with maximum s u r v i v a l o c c u r r i n g 
at those c o o l i n g r a t e s where the combined e f f e c t s of both 
c l a s s e s are minimal. Figure 3.5. r e v e a l s the optimal 
c o o l i n g r a t e to be l o C min-i when cooled to temperatures 
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above - 1 0 ° C (although i t s h i f t s to more r a p i d c o o l i n g 
r a t e s below - I Q o C ) . CW15+ c e l l s cooled below l o C min-1 
show a drop i n v i a b i l i t y below the maximum which can be 
a t t r i b u t e d to ' s o l u t i o n e f f e c t s ' brought about by i c e 
formation. The events o c c u r r i n g during slow c o o l i n g of a 
c e l l suspension have been de s c r i b e d i n chapter 1 
( I n t r o d u c t i o n ) . I n c r e a s i n g the c o o l i n g r a t e to 1 ° C min-i 
increases v i a b i l i t y because f a s t e r c o o l i n g produces 
s h o r t e r exposure to the a l t e r e d s o l u t i o n s . At c o o l i n g 
r a t e s above 1 ° C min-^ however the b e n e f i c i a l e f f e c t of 
f a s t e r c o o l i n g begins to be counteracted by the formation 
of i n t r a c e l l u l a r i c e . 
At r a p i d c o o l i n g r a t e s , the v i a b i l i t y curve drops 
s t e e p l y between 0 ° C and - 6 ° C . This was unexpected as 
i n t r a c e l l u l a r n u c l e a t i o n had been observed by" l i g h t 
microscopy at a mean temperature of - 8 . 1 + 2 . 7 » C (McGrath 
& M o r r i s , reported i n Mo r r i s et aJ . , 1 9 8 1 ) . I t i s more 
s u r p r i s i n g Considering t h a t measurements of the thermal 
gr a d i e n t present i n a 1ml sample showed th a t a l a r g e 
p o r t i o n of the sample would be at a higher temperature 
than that recorded by the thermometer. F o l l o w i n g c o o l i n g 
at 1 0 ° C mih-1, the thermocouple at the base of the tube 
may measure - 1 0 ° C w h i l e c e l l s s i t u a t e d i n the upper 
regions of the sample were s t i l l a t 0 ° 0 . Thus i t would 
have been reasonable to expect to see a shoulder to the 
v i a b i l i t y curve at high sub-zero temperatures, mimicking 
the c o o l i n g curve of thermocouples s i t u a t e d i n the middle 
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of the sample (see t r a c e of thermocouples 2 and 3, f i g u r e 
3.4.b.}. The absence of a shoulder to the v i a b i l i t y curve 
may be due i n p a r t to ' s e t t l i n g out' of c e l l s , which 
become l e s s a c t i v e l y m o t i l e as temperature i s decreased 
(see chapter 3 ), r e s u l t i n g i n a high p r o p o r t i o n of the 
popu l a t i o n p o s i t i o n e d around thermocouple 4. This i s the 
p o s i t i o n of the s i n g l e thermocouple used to monitor 
c o o l i n g r a t e s i n the experimental runs f o r v i a b i l i t y 
t e s t s . 
C a l c u l a t i o n s of the i n t r a c e l l u l a r o s m o l a l i t y r e v e a l 
that the average f r e e z i n g p o i n t of a c e l l i s depressed to 
approximately - 1.6°C (chapter 6 ) . Thus at any temperatures 
below -1 .60C the c e l l contents may e i t h e r become more 
concentrated through water l o s s to the e x t e r n a l medium, 
a t t a i n e q u i l i b r i u m through i n t r a c e l l u l a r f r e e z i n g , or 
undercool. Many c e l l s are capable of undercooling by at 
l e a s t 10°C under a p p r o p r i a t e circumstances (Grout and 
M o r r i s , 1987), although there are exceptions, eg." Desmids 
and Spyrogyra. 
The gradient of the v i a b i l i t y curve at r a p i d c o o l i n g 
r a t e s becomes s m a l l e r w i t h drop i n temperature. I f 
i n t r a c e l l u l a r i c e does form at these c o o l i n g r a t e s t h i s 
curve shape suggests t h a t the formation of i n t r a c e l l u l a r 
i c e occurs over a wide range of temperatures, otherwise 
one might expect to see a sudden drop i n v i a b i l i t y at the 
temperature at which i n t r a c e l l u l a r i c e formation wa.s 
i n i t i a t e d . However, the l a r g e thermal g r a d i e n t can broaden 
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the apparent temperature range over which i n t r a c e l l u l a r 
i c e a f f e c t s v i a b i l i t y . 
3.4.2. Low temperature without f r e e z i n g . 
F o l l o w i n g the i n v e s t i g a t i o n i n t o c o l d shock i n j u r y i t 
was s u r p r i s i n g to f i n d apparently incr e a s e d s u r v i v a l i n 
sl o w l y cooled samples as compared wi t h c o n t r o l samples. 
These CW15+cells may be present i n a sample i n groups o f 
two or more, f o l l o w i n g c e l l d i v i s i o n s , although i t i s much 
more common to see i s o l a t e d c e l l s . I t i s p o s s i b l e t h a t the 
process of slow c o o l i n g causes s e p a r a t i o n of these 
c l u s t e r s to provide a l a r g e r number of p o t e n t i a l colony 
forming s i t e s . In r e t r o s p e c t i t would have been wise to 
i n v e s t i g a t e t h i s p o s s i b i l i t y by l i g h t microscopy. At the 
time of experimentation such a course was not considered 
necessary as previous workers had not observed 
unexpectedly high counts from s l o w l y cooled samples 
(Morris et aJ., 1983). Lower v i a b i l i t y values i n r a p i d l y 
cooled samples than i n s l o w l y cooled samples suggests t h a t 
c o l d shock may have a d e t r i m e n t a l e f f e c t on s u r v i v a l at 
r a p i d c b o l i n g r a t e s , although i t should be s t r e s s e d t h a t 
the p o s s i b i l i t y of c l u s t e r s s e p a r a t i n g during r a p i d 
c o o l i n g should a l s o have been i n v e s t i g a t e d f o r any 
meaningful assessment to be made of these r e s u l t s . M o r r i s 
(1976) demonstrated t h a t f r e e z i n g and thawing could cause 
a breakdown of l a r g e c e l l aggregates i n Chlorella 
,protothecoides, but breakdown was independent of c o o l i n g 
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r a t e . I t may be t h a t slow c o o l i n g t r i g g e r s c e l l s , or 
a c c e l e r a t e s them, i n t o c y t o k i n e s i s . This .seems a more 
p l a u s i b l e e x p l a n a t i o n as r e s u l t s show colony cblints to be 
at l e a s t double the number i n c o n t r o l samples, whereas 
c e l l c l u s t e r i n g i s a r e l a t i v e l y uncommon occurrence and 
therefore u n l i k e l y to account f o r such a l a r g e discrepancy 
i n the r e s u l t s . 
The p a t t e r n of r e s u l t s which emerges from v i a b i l i t y 
t e s t s can only r e v e a l t h a t a number of f a c t o r s are at 
work. The r e s u l t s have been i n t e r p r e t e d i n the l i g h t of 
c u r r e n t understanding of the s t r e s s e s i n v o l v e d during 
f r e e z i n g of a c e l l suspension (Lovelock, 1953, Mazur et 
aJ . , 1972, Grout and M o r r i s , 1987). 
This s e r i e s of t e s t s has provided the i n f o r m a t i o n 
r e q u i r e d to design a f u r t h e r set of experiments aimed at 
c a t e g o r i s i n g the s t r e s s e s at work during f r e e z i n g of a 
suspension of Chlamydomonas r e i n h a r d t i i CW15.* . The • 
i n v e s t i g a t i o n may now proceed according to the f o l l o w i n g 
plan :-
(1) Slow c o o l i n g r a t e s . S o l u t i o n e f f e c t s are assumed 
to be g r e a t e s t at c o o l i n g r a t e s of 1°C min-^ or l e s s . A l l 
v i a b i l i t y i s l o s t at temperatures below -20°C. 
I t i s assumed tha t the c e l l s are l o s i n g water 
o s m o t i c a l l y and s h r i n k i n g . This can be confirmed by 
c r y o - l i g h t microscopy (chapter 4). Dehydration w i l l a l s o 
be t a k i n g place at a s u b c e l l u l a r l e v e l , where s o l u t i o n 
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e f f e c t s on i n d i v i d u a l o r g a n e l l e s can be i n v e s t i g a t e d by 
e l e c t r o n microscopy (chapter 5), or by s p e c i f i c l a b e l l i n g 
i n c o n j u n c t i o n w i t h f luorescence microscopy (chapter 6). 
The forms which i n j u r y takes may be i d e n t i f i e d by each 
of these methods. The form which a c t u a l l y s i s takes i s of 
prime i n t e r e s t and i s to be compared with the responses of 
higher p l a n t p r o t o p l a s t s which have been reported to 
s u f f e r from expansion-induced l y s i s or osmotic 
unresponsiveness (Steponkus, 1979, Steponkus et a i . , 
1982), and the responses of i s o l a t e d animal c e l l s , eg red 
blood c e l l s , i n which l y s i s has been reported to be 
a s s o c i a t e d with shrinkage beyond a minimum volume 
(Meryman, 1968). 
(2) Rapid c o o l i n g r a t e s . I t i s assumed th a t the 
major s t r e s s at r a p i d c o o l i n g r a t e s i s the formation or 
presence of i n t r a c e l l u l a r i c e . The p o s s i b l e e f f e c t of 
i n t r a c e l l u l a r f r e e z i n g at c o o l i n g r a t e s above 2°C min-1 
may be confirmed i f i n t r a c e l l u l a r i c e formation i s v i s i b l e 
i n the l i g h t microscope (chapter 4). The reason f o r such 
severe v i a b i l i t y l o s s e s at high sub-zero temperatures 
(above -7°C) may a l s o be i n v e s t i g a t e d by c r y o - l i g h t 
microscopy. 
E f f e c t s of i n t r a c e l l u l a r i c e at a s u b c e l l u l a r l e v e l 
may be i n v e s t i g a t e d by e l e c t r o n microscopy (chapter 5) and 
by s p e c i f i c l a b e l l i n g techniques i n c o n j u n c t i o n with 
fluorescence microscopy (chapter 6). 
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E l e c t r o n microscopy may a l s o r e v e a l u l t r a s t r u c t u r a l 
changes r e s u l t i n g from drop i n temperature per se, during 
slow or r a p i d c o o l i n g i n the absence of i c e (chapter 5). 
The assessment of i n j u r y by v i a b i l i t y t e s t i n g takes 
place f o l l o w i n g thawing and so cannot d i s t i n g u i s h between 
the r e s u l t s of f r e e z i n g s t r e s s e s and thawing s t r e s s e s . 
Only when i n v e s t i g a t i o n s are a l s o undertaken, i n the fro z e n 
s t a t e can the necessary d i s t i n c t i o n s be made; the 
u l t r a s t r u c t u r a l s t u d i e s i n the f o l l o w i n g chapters aim to 
achieve t h i s . 
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CHAPTER 4. MORPHOLOGICAL CHANGES IN C. REINHARDTII CW15+ 
DURING FREEZING AS VIEWED BY CRYO- LIGHT MICROSCOPY. 
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MORPHOLOGICAL CHANGES IN C. REINHARDTII CW15+ DURING 
FREEZING AS VIEWED BY CRYO-LIGHT MICROSCOPY 
4.1. Aims 
U n t i l the recent development of a temperature 
c o n t r o l l e d l i g h t microscope, or cryomicroscope, (McGrath, 
1987 - although not a recent concept, see M o l i s c h , 1897) 
much of the d i s c u s s i o n of the morphology of c e l l u l a r 
response to f r e e z i n g was con j e c t u r e . Experiments were 
c a r r i e d out on bulk samples with no o p t i c a l monitoring and 
so data concerning dynamic, morphological events were not 
a v a i l a b l e . 
In t h i s study a cryomicroscope, w i t h video re c o r d i n g 
f a c i l i t i e s , was used to examine d i r e c t l y the responses of 
CW15+ to f r e e z i n g . The s i t u a t i o n s considered to be of 
p a r t i c u l a r i n t e r e s t were: 
(a) the presence or absence of i n t r a c e l l u l a i r i c e . 
The presence of i n t r a c e l l u l a r i c e was i n f e r r e d from 
the phenomenon known as * b l a c k - f l a s h i n g ' , whereby the c e l l 
contents suddenly darken. (Leibo et a J . , 1978, Brown, 
1980, R a i l et al., 1980) . 
(b) whether c e l l s remain i n t a c t throughout the whole 
process, and i f not, at which p o i n t i n the freeze-thaw 
c y c l e rupture becomes apparent. 
(c) whether gas i s e x p e l l e d from c e l l s at any stage i n the 
c y c l e . Steponkus and Dowgert (1981) d i s c u s s whether 
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d i s r u p t i o n of the plasma membrane at r a p i d c o o l i n g r a t e s 
i s caused by i c e c r y s t a l s or gas bubbles. In g e n e r a l , 
c e l l u l a r gas r e l a t i o n s have r e c e i v e d l i t t l e a t t e n t i o n i n 
the f i e l d of c r y o b i o l o g y . 
(d) shrinkage or d i s t o r t i o n of c e l l s during f r e e z i n g , as 
might be expected to r e s u l t from osmotic dehydration. 
(e) the a b i l i t y to r e g a i n p h y s i o l o g i c a l shape and volume 
f o l l o w i n g shrinkage or d i s t o r t i o n , which w i l l be 
i n t e r p r e t e d as osmotic responsiveness. Osmotic behaviour 
cannot be assessed i n a q u a n t i t a t i v e manner by volume 
change as c e l l s do.not remain s p h e r i c a l throughout the 
freeze-thaw c y c l e . 
(f) m o t i l i t y of c e l l s f o l l o w i n g a f r e e z i n g treatment. This 
w i l l be taken to demonstrate ' s u r v i v a l ' f o l l o w i n g a 
f r e e z i n g treatment even i f shrinkage or d i s t o r t i o n i s 
evident. 
I t i s hoped t h a t the f a c t o r s l i s t e d above c o u l d be 
used to c a t e g o r i s e f r e e z i n g i n j u r i e s . 
4.2. Experimental design 
4.2.1. General i n v e s t i g a t i o n 
C e l l samples were subjected to v a r i o u s freeze-thaw 
regimes on the temperature c o n t r o l l e d stage of a l i g h t 
microscope, with the aim of i d e n t i f y i n g the parameters 
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c r i t i c a l to f r e e z i n g i n j u r y . 
Freezing p r o t o c o l s were chosen wi t h reference to the 
r e s u l t s produced from v i a b i l i t y t e s t s (see chapter 3). The 
3-D graph presented i n chapter 3 i s reproduced as f i g u r e 
4.1.a. and marked with sampling' p o i n t s to i n d i c a t e which 
f r e e z i n g p r o t o c o l s were f o l l o w e d on the cryomicroscope. I t 
was i n i t i a l l y intended t h a t , f o r each c o o l i n g r a t e , 
samples would be cooled to three sub-zero temperatures, 
which would r e s u l t i n v i a b i l i t y l o s s e s of approximately 
25%, 50% and 75%. Further f r e e z i n g p r o t o c o l s were added to 
the programme i n those cases where r e s u l t a n t v i a b i l i t y 
values deviated s t r o n g l y from expected values; samples 
were omitted when c b o l i n g to higher minimum temperatures 
at the same r a t e r e s u l t e d i n no s u r v i v a l . 
Estimates of the percentage s u r v i v a l i n the f i e l d of 
view were recorded immediately, f o l l o w i n g warming to 20°C 
from the frozen s t a t e . C e l l s u r v i v a l was determined by 
apparent i n t a c t n e s s , shape and m o t i l i t y . I r r e g u l a r shaped 
c e l l s were judged to be v i a b l e i f they were m o t i l e . 
Estimated s u r v i v a l values were compared with expected 
s u r v i v a l values (chapter 3.) 
Except where s t a t e d the i n i t i a l c o o l i n g r a t e from 20°C 
to 2.5°C remained constant a t 1.5°C m i n - i . ( t h i s i s the 
i n i t i a l c o o l i n g r a t e used f o r the v i a b i l i t y t e s t s i n 
chapter 3). Samples th a t d i d not show n u c l e a t i o n of 
e x t r a c e l l u l a r i c e by -2.5°C were abandoned. Some runs 
employed a f a s t e r i n i t i a l c o o l i n g r a t e (10°C m i n ^ i ) . This 
adaptation of the p r o t o c o l was made f o r convenience, a f t e r 
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Figure 4.1 Recovery of C.reinhardtii C W15+ following freezing in a 
bulk sample [results from chapter 3.] [a], and on the 
cryomicroscope stage [b]. Sampling points used in the 
cryo-LM investigation are marked on both graphs. [•] 
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i t became c l e a r t h a t such a change i n c o o l i n g r a t e at 
temperatures above 2.5»C had no e f f e c t on the subsequent 
response to f r e e z i n g temperatures. Warming ra t e s remained 
constant at 50°C min-i from the minimum temperature to 
QoC, and 30°C min-i from 0°C to 20°C, except f o r those 
p r o t o c o l s chosen s p e c i f i c a l l y to demonstrate the e f f e c t of 
warming r a t e on subsequent v i a b i l i t y . Examination of 
warming r a t e e f f e c t s f o l l o w i n g ' r a p i d ' c o o l i n g was not 
c a r r i e d out. 
4.2.2. I n v e s t i g a t i o n i n t o c o n d i t i o n s r e q u i r e d f o r 'black 
f l a s h i n g ' to take p l a c e 
C e l l s were cooled at a range of r a t e s (from 0.5°C 
min-1 to 15°C min-^) to -20°C. A record was made of the 
temperature at which c e l l s e x h i b i t e d ^black f l a s h i n g ' , 
whether there was any apparent t r i g g e r f o r i c e formation, 
and whether gas was r e l e a s e d from the sample at"any stage 
i n the f r e e z i n g treatment. 
4.3. R e s u l t s 
The r e s u l t s from the f i r s t s e r i e s of experiments, 
forming a general i n v e s t i g a t i o n , are presented i n 
tabulated form ( t a b l e s 4.1. to 4.12.}. 
Estimated s u r v i v a l values are presented i n the form of 
a 3-dimensional graph ( f i g u r e 4.1.b.). S u r v i v a l values are 
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very c l o s e to expected values at r a p i d c o o l i n g r a t e s 
(above 2°C min-^) but are c o n s i d e r a b l y lower than expected 
i n cryo l i g h t microscope samples cooled at slow c o o l i n g 
r a t e s . 
The r e s u l t s from the i n v e s t i g a t i o n i n t o the 
requirements f o r black f l a s h i n g to take place are 
presented as a set of histograms ( f i g u r e 4.2.). I t i s 
c l e a r that gas movement, which occurs through the channels 
of unfrozen s o l u t i o n during i c e c r y s t a l growth, can 
t r i g g e r i n t r a c e l l u l a r f r e e z i n g . This a f f e c t s a p o r t i o n of 
the p o p u l a t i o n at temperatures between -2°C and -5°C, but 
only at c o o l i n g r a t e s of 2°C min-i and f a s t e r . 
* Spontaneous black f l a s h i n g ' occurs at c o o l i n g r a t e s of 
4°C min-1 and g r e a t e r , at temperatures below -5oC, and at 
15°C min-1 i s accompanied by gas r e l e a s e from c e l l s . This 
reference to '•spontaneous' i c e n u c l e a t i o n i s not to be 
taken to imply homogenous n u c l e a t i o n which i s sometimes 
termed spontaneous n u c l e a t i o n , but i s used i n t h i s r e p o r t 
to d e s c r i b e the occurrence of black f l a s h i n g with no 
v i s u a l evidence of a t r i g g e r . Gas bubbles are r e l e a s e d 
from v i r t u a l l y a l l spontaneously nucleated c e l l s during 
thawing. 
A number of observatiohs can be made from the r e s u l t s 
of the whole study. These are l i s t e d below, accompanied by 
micrographs where r e l e v a n t ( f i g u r e s 4.3. to 4.13.). 
(1) C e l l s are excluded from i c e c r y s t a l s and are ^pushed' 
ahead of the advancing i c e f r o n t i n t o channels between i c e 
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TABLE 4.1 
Morphological e f f e c t s o f c o o l i n g r a t e and minimum 
temperature on C. r e i n h a r d t i i CWIS"*". 
COOLING RATE 60°C min~' 
Minimum 
temperature -20°C -6°C -2.5^C 
Black f l a s h i n g y(v.few) 
Gas r e l e a s e w i t h 
b l a c k f l a s h i n g y 
Gas r e l e a s e 
during thawing / 
Membrane e x t r u s i o n s 
during f r e e z i n g 
Membrane e x t r u s i o n s 
during warming y 
D i s i n t e g r a t i o n 
during warming J y(few) 
'Rehydration 
l y s i s ' ^ 
'Blebbing 
S u r v i v a l 20% 70% 75% 
P r e d i c t e d s u r v i v a l 
(Ch. 3) 25% 50% 75% 
Comments 
1) L y s i s o c c u r r i n g during e a r l y stages of re-expansion 
i s termed 'r e h y d r a t i o n l y s i s ' . 
2) 'Blebbing' r e f e r s t o the f o r m a t i o n o f b l i s t e r s a t 
the c e l l s u r f a c e d u r i n g warming, l e a d i n g t o 
c e l l expansion beyond the o r i g i n a l volume. 
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TABLE 4.2 
Morphological e f f e c t s o f c o o l i n g r a t e and minimum 
temperatures on C. r e i n h a r d t i i CWIS"*". 
COOLING RATE • 30° C min-' 
Minimum 
temperature 
-20*C -6°C -2.5°C 
Black f l a s h i n g J 
Gas r e l e a s e w i t h 
b l a c k f l a s h i n g J 
Gas r e l e a s e 
during thawing J 
Membrane 
extr u s i o n s during 
f r e e z i n g 
Membrane e x t r u s i o n s 
during warming • / 
D i s i n t e g r a t i o n 
during warming v/ 
'Rehydration 
l y s i s ' 
'Blebbing' / y 
S u r v i v a l 25% 50% 75% 
P r e d i c t e d 
s u r v i v a l (Ch. 3) 25% 50% 75% 
Comments One c e l l 
which 
d i d n ' t 
b l a c k 
f l a s h 
d i d 
r e l e a s e 
gas 
durin g 
thawing 
Large no. 
of detached 
f l a g e l l a 
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TABLE 4.3 
Morphological e f f e c t s of c o o l i n g r a t e and minimum 
temperature on r e i n h a r d t i i CWIS"*". 
COOLING RATE 10° C min"' 
Minimum 
temperature -20°C -8°C -2.5°C 
Black f l a s h i n g / y 
Gas r e l e a s e w i t h 
b l a c k f l a s h i n g / 
Gas r e l e a s e 
during thawing y 
Membrane e x t r u s i o n s 
during f r e e z i n g 
Membrane e x t r u s i o n s 
during warming y y 
D i s i n t e g r a t i o n 
during warming y y 
'Rehydration 
l y s i s ' 
'Blebbing' 
S u r v i v a l 0 50% 70% 
P r e d i c t e d s u r v i v a l 
(Ch. 3) 25% 50% 75% 
Comments Some • 
c e l l s 
d i s i n t e ­
grated 
when i n 
contact 
w i t h gas 
bubbles 
91 

TABLE 4.4 
Morphological e f f e c t s of c o o l i n g r a t e and minimum 
temperature on C. r e i n h a r d t i i CWIS"*". 
COOLING RATE 4° C min"' 
Minimum 
temperature 
-23°C -11°C -6°C -2.5°C 
Black f l a s h i n g /(few) y 
Gas r e l e a s e w i t h 
b l a c k f l a s h i n g 
Gas r e l e a s e 
during thawing 
Membrane e x t r u s i o n s 
during f r e e z i n g y y y 
Membrane e x t r u s i o n s 
during warming 
D i s i n t e g r a t i o n 
during warming y • 
'Rehydration 
l y s i s ' 
'Blebbing' 
. y y y 
S u r v i v a l 0 0 25% 75% 
P r e d i c t e d s u r v i v a l 
{Ch.3) . 25% 50% 60% 85% 
Comments F l a g e i l a 
detached 
d u r i n g 
. thaw. 
Some 
rupture 
by 
c o l l i ­
s i o n 
w i t h gas 
during 
thaw 
Small 
no. 
i n t a c t 
but not 
m o t i l e 
D i s t o r t e d 
s p i n n i n g 
s u r v i v o r s 
D i s t o r t e d 
but 
m o t i l e 
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TABLE 4.5 
Morphological e f f e c t s of c o o l i n g r a t e and minimum 
temperature on C. r e i n h a r d t i i CWIS"*". 
COOLING RATE 2°C min 
Minimum 
temperature -IS^C -10°C -6°C -a^c 
Black f l a s h i n g - y(few) y* y*(v.few) 
Gas r e l e a s e w i t h 
b l a c k f l a s h i n g 
Gas r e l e a s e 
d u r i n g thawing 
Membrane e x t r u s i o n s 
during f r e e z i n g y y J 
Membrane e x t r u s i o n s 
during warming 
D i s i n t e g r a t i o n 
during warming 
'Rehydration 
l y s i s ' y 
'Blebbing' y(few) y y 
S u r v i v a l 0 0 25% 75% 
P r e d i c t e d s u r v i v a l 
(Ch. 3) 25% 50% 65% 75% 
Comments Plasma 
membrane 
baggy 
during 
thaw. 
Blebbing 
i n form 
of s m a l l 
b l i s t e r s 
C e l l s 
i n t a c t 
but not 
t u r g i d 
D i s t o r t e d 
but 
m o t i l e 
*when i n 
contac t 
w i t h 
moving 
gas 
bubbles 
D i s t o r t e d 
s p i n n i n g 
*when i n 
contac t 
w i t h 
moving 
gas 
bubbles 
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TABLE 4.6 
Morphological e f f e c t s o f c o o l i n g r a t e and minimum 
temperature on C. r e i n h a r d t i i CWIS"*". 
COOLING RATE 1°C min"' 
Minimum 
temperature -14.5°C -11°C -6°C -3°C 
Black f l a s h i n g 
Gas r e l e a s e w i t h 
b l a c k f l a s h i n g 
Gas r e l e a s e 
d u r i n g thawing 
Membrane e x t r u s i o n s 
during f r e e z i n g J y y y • 
Membrane e x t r u s i o n s 
during warming y 
D i s i n t e g r a t i o n 
during warming 
'Rehydration 
l y s i s ' / y 
'Blebbing' y(few) y(few) V y 
S u r v i v a l 0 0 0 70% 
P r e d i c t e d s u r v i v a l 
(Ch. 3) 25% 50% 75% 80% 
Comments Some 
e x t r u ­
s i o n s 
t o round 
up and 
drop o f f 
Membrane 
e x t r u ­
s i o n s 
w h i l e 
f l a g e l l a 
s t i l l 
moving 
Some 
shrunken 
c e l l s 
had 
membrane 
e x t r u ­
s i o n s , 
others 
appeared 
baggy 
Many 
spinn i n g 
on 
thawing 
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TABLE 4.7 
Morphological e f f e c t s of c o o l i n g r a t e and minimum 
temperature on C. r e i n h a r d t i i CWIS"*". 
COOLING RATE 0.5" C min"' 
Minimum 
temperature -5°C -3°C 
-3°C 
(DK)^ -2°C 
Black f l a s h i n g 
Gas r e l e a s e w i t h 
b l a c k f l a s h i n g 
Gas r e l e a s e 
d u r i n g thawing 
Membrane e x t r u s i o n s 
during f r e e z i n g y , y y 
Membrane e x t r u s i o n s 
during warming y 
D i s i n t e g r a t i o n 
during warming 
'Rehydration 
l y s i s ' 
'Blebbing' y y y y 
S u r v i v a l 0 25% 25% 50% 
P r e d i c t e d s u r v i v a l 
(Ch. 3) 75% - - -
Comments Some 
f l a g e l l a 
dropped 
o f f 
E x t r u ­
sions 
appeared 
t o round 
up and 
drop o f f 
C e l l s 
more 
lumpy 
through­
out than 
l i g h t 
grown. 
Lumpi-
ness 
accent­
uated i n 
shrunken 
c o n d i ­
t i o n 
Shrunken 
c e l l s had 
'baggy' 
membrane 
during 
c o o l i n g , 
which 
extended 
i n t o 
e x t r u ­
sions a t 
beginn­
i n g of 
warming 
) c. r e i n h a r d t i i CW15'''grown i n the dark f o r 5 days was used 
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TABLE 4.8 
Morphological e f f e c t s of c o o l i n g r a t e and minimum 
temperature on C. r e i n h a r d t i i CWIS"*" . 
COOLING RATE 0.25° C min"' 
Minimum 
temperature -3 .5°C -3°C -1.5°C 
Black f l a s h i n g 
Gas r e l e a s e w i t h 
b l a c k f l a s h i n g 
Gas r e l e a s e 
d u r i n g thawing 
Membrane e x t r u s i o n s 
d u r i n g f r e e z i n g y y 
Membrane e x t r u s i o n s 
during warming 
D i s i n t e g r a t i o n 
d u r i n g warming 
'Rehydration 
l y s i s ' 
'Blebbing' y y / 
S u r v i v a l 0 0 50-70% 
P r e d i c t e d s u r v i v a l 
(Ch. 3) 75% 80% 90% 
Comments Membrane 
ex t r u s i o n s 
i n form of 
long 
s t a l k s 
terminated 
by s m a l l 
s w e l l i n g s 
Formation 
of 
e x t r u s i o n s 
f o l l o w e d 
'baggy' 
c o n d i t i o n 
Plasma 
membrane 
became 
'baggy' 
during' 
c o o l i n g 
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TABLE 4.9 
Morphological e f f e c t s of v a r y i n g the h o l d i n g p e r i o d a t 
the minimum temperature of a freeze-thaw c y c l e on C. 
r e i n h a r d t i i CW15'''. 
COOLING RATE 10° C min"'—» 2.5° C 
30°C min" -•"6°C • 
Hold a t -6°C 
Hold time a t 
minimum temperature 
(mins) 0.5 2.0 4.0 8.0 
Black f l a s h i n g 
Gas r e l e a s e w i t h 
b l a c k f l a s h i n g 
Gas r e l e a s e 
d u r i n g thawing 
Membrane e x t r u s i o n s 
during h o l d y y / 
Membrane e x t r u s i o n s 
during warming J y 
D i s i n t e g r a t i o n 
during warmiing y* 
'Rehydration 
l y s i s ' 
'Blebbing' / y y 
S u r v i v a l 75% 50% 20% 0 
P r e d i c t e d s u r v i v a l 
(Ch. 3) 50% - - -
Comments S u r v i ­
vors 
m o t i l e 
but 
s t i l l 
d i s t o r ­
ted 
S u r v i ­
vors 
m o t i l e 
but 
s t i l l 
d i s t o r ­
ted 
*Only of 
c e l l s 
which' 
formed 
mem­
brane 
e x t r u ­
sions 
d u r i n g 
warming 
Some 
s w e l l i n g 
during 
h o l d 
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TABLE 4.10 
Morphological e f f e c t s of v a r y i n g the h o l d i n g p e r i o d 
a t the minimum temperature of a freeze-thaw c y c l e 
on C. r e i n h a r d t i i CWIS"*". 
COOLING RATE 10°C min"'-+2.5°C 
2°C min''--3°C 
Hold a t -3°C 
Hold time a t 
minimum temperature 
{mins) 0.5 2 • 4 
Black f l a s h i n g y(few) y(few) 
Gas r e l e a s e w i t h 
b l a c k f l a s h i n g 
Gas r e l e a s e 
d u r i n g thawing 
Membrane e x t r u s i o n s 
during h o l d • y y 
Membrane e x t r u s i o n s 
during warming y y y 
D i s i n t e g r a t i o n 
during warming y(few) y(few) y(few) 
'Rehydration 
l y s i s ' 
'Blebbing' y y y 
S u r v i v a l 50% 20% 0 
P r e d i c t e d s u r v i v a l 
(Ch.3) - - -
Comments More 
bl e b b i n g 
than 
f o l l o w i n g 
0.5 min. 
h o l d 
More 
blebbing 
than 
f o l l o w i n g 
2 min. 
ho l d 
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TABLE 4.11 
Morphological e f f e c t s of warming r a t e f o l l o w i n g f r e e z i n g 
on C. r e i n h a r d t i i CW15+. 
COOLING.RATE 4°C min"' - -5°C 
Warming r a t e t o 
0°C (°C min"') 1 5 50 250 
Black f l a s h i n g -
Gas r e l e a s e w i t h 
b l a c k f l a s h i n g 
Gas r e l e a s e 
d u r i n g thawing 
Membrane e x t r u s i o n s 
during f r e e z i n g y y y y 
Membrane e x t r u s i o n s 
during warming 
D i s i n t e g r a t i o n 
during warming 
'Rehydration 
l y s i s ' 
'Blebbing' . y y y y 
S u r v i v a l 20% 25% 30% 50% 
P r e d i c t e d s u r v i v a l 
(Ch.3) — - 60% -
Comments S u r v i v o r s 
d i s t o r t e d 
though 
m o t i l e 
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TABLE 4.12 
Morphological e f f e c t s on r e i n h a r d t i i CWlS'^of 
v a r y i n g c o o l i n g and warming r a t e s , w h i l s t s u b j e c t i n g 
the sample t o e q u i v a l e n t thermal u n i t s 
COOLING PROTOCOL I C C min'-+2. 5°G 
h o l d 0.5 min' 
4°C min"'- -3°C 
h o l d 0.5 min 
50° C min"'- C C 
h o l d 0.1 min 
30°C min"'--t-20°C 
. 30°C min"'- 0°C 
h o l d 0.1 min 
50°C min"'- -3°C 
h o l d 0.5 min 
4°C min"'-+2.5°C 
h o l d 0-. 5 min 
10° C min"'—h20°C 
Black f l a s h i n g J (v.few) y (v.few) 
Gas r e l e a s e w i t h 
b l a c k f l a s h i n g 
Gas r e l e a s e 
during thawing 
Membrane 
ex t r u s i o n s 
during f r e e z i n g y 
Membrane 
ex t r u s i o n s 
during warming y y. 
. D i s i n t e g r a t i o n 
during warming 
'Rehydration • 
l y s i s ' 
• 
'Blebbing' y y 
S u r v i v a l 70% 70% 
P r e d i c t e d 
s u r v i v a l (Ch 3) 
Comments S u r v i v o r s 
remained 
d i s t o r t e d 
f o r 
s e v e r a l 
minutes 
S u r v i v o r s 
remained 
d i s t o r t e d 
f o r 
s e v e r a l 
minutes 
1) Exposure t o e q u i v a l e n t thermal u n i t s was maintained 
by r e v e r s i n g the freeze-thaw p r o t o c o l . 
100 

Cooling 
rate 
{•"Cmin) 
Mean 
nucleation • 
temperature 
CC) 
% of 
population 
e x h i b i t i n g 
black 
f l a s h i n g 
Mean 
'spontaneous' 
nucleation 
temperature 
(•"C) 
% of 
population 
exhibiting 
'spontaneous' 
black flas h i n g 
Mean 
nucleation 
temperature 
associated 
with extra 
c e l l u l a r 
gas C O 
% of 
population 
exhibiting 
black flashing 
associated 
with extra 
c e l l u l a r gas 
IS -9.914.5 69.5 -12.2t2.5 50.8 -3.510.8 18.6 
10 -11.114.5 70.1 -12.1-i3.6 62.7 - 2 , 8 t l . l 7.5 
7 -7.1±3.8 64.7 -9.St3.0 38.2 -3.7t0.8 26.5 
4 -6.lt2.5 26.0 - 7 . 3 i l . 5 18.8 -2.9t0.7 7.3 
2 -3.2t2.7 12.5 -8.510.7 2.3 -2.0i0.7 10.2 
1 - 1.1 
-
1.1 - 0 
0.5 - 0 
-
0 - 0 
A l l 
rates 
tested -8.5i4.6 32.1 -10.8*3.4 22.6 -3.1-1.0 9.3 
Incidence o f i n t r a c e l l u l a r f r e e z i n g and mean n u c l e a t i o n 
temperatures a t a r a n g e " o f c o o l i n g r a t e s . A 
d i s t i n c t i o n i s made between a p p a r e n t l y 'spontaneous' 
n u c l e a t i o n and i c e f o r m a t i o n t r i g g e r e d by e x t r a c e l l u l a r 
gas movement. 

FIGURE 4.3. 
C e l l s concentrated i n t o channels between i c e c r y s t a l 
during f r e e z i n g . 
X800 
102 



c r y s t a l s ( f i g u r e 4.3.). 
(2) ^Spontaneous' black f l a s h i n g , occurs at c o o l i n g r a t e s 
of 4°C min-1, and g r e a t e r , to temperatures below -5°C. 
(See f i g u r e s 4.2. & 4.4.) 
(3) Gas i s f r e q u e n t l y e x p e l l e d from the c e l l s at the 
moment tha t black f l a s h i n g occurs at c o o l i n g r a t e s of 15°C 
min-1, and greater ( f i g u r e 4.2. & 4.5.) 
(4) Gas may be e x p e l l e d from c e l l s during thawing, as 
shown i n f i g u r e s 4.4. and 4.5. This only takes place 
f o l l o w i n g c o o l i n g r a t e s of 4°G min-^, and grea t e r . 
(5) C e l l s which c o n t a i n i n t r a c e l l u l a r i c e d i s i n t e g r a t e 
during thawing ( f i g u r e s 4.4. & 4.5.). 
(6) During f r e e z i n g and thawing, c e l l s may be d i s r u p t e d by 
the movement of gas bubbles r e l e a s e d from the surrounding 
medium or from other c e l l s . ' ( f i g u r e s 4.6., 4.7.). This 
d i s r u p t i o n may be v i o l e n t , causing d i s i n t e g r a t i o n and 
s p i l l a g e of c e l l contents or may simply act as a t r i g g e r 
f o r i n t r a c e l l u l a r i c e formation. Gas bubble movement takes 
place along the boundaries of i c e c r y s t a l s , which are 
d e n d r i t i c a.t r a p i d c o o l i n g r a t e s . At slower c o o l i n g r a t e s , 
growth of i c e i s slower, w i t h a s i n g l e i c e f r o n t commonly 
passing across the f i e l d of view at c o o l i n g r a t e s below 
lo C min-1 . 
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FIGURE 4.4. 
C e l l s cooled at 10°C min-i to -20°C. 
XI ,420 
(a) C e l l s surrounded by i c e during c o o l i n g . ~2^C 
(b) C e l l s darken as i n t r a c e l l u l a r i c e forms. "lOT. 
(c) During thawing gas bubbles become evident, a s s o c i a t e d 
with i n d i v i d u a l c e l l s . 0°C. 
L = U'q.u(cl 
I =ic& 
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FIGURE 4 . 5 . 
C e l l s cooled at 30° C min-1 to -20<»C. 
XI,420 
(a) E x t r a c e l l u l a r medium i s f r o z e n . '2?QJ. 
(b) Black f l a s h i n g , i n d i c a t i n g i n t r a c e l l u l a r f r e e z i n g , and 
gas e x p u l s i o n occur simultaneously. "lO'C, 
(c) Beginning of thaw. Gas bubbles enlarge i n surrounding 
medium. 0°C. = 
(d) Gas i s e x p e l l e d from c e l l s during thawing, i n c l u d i n g 
one which has not e x h i b i t e d b l a c k f l a s h i n g (*). TC. 
(e) C e l l s which d i d e x h i b i t b l a c k f l a s h i n g d i s i n t e g r a t e . 
C e l l which d i d not, shows membrane deformation (arrow) . £.0''C. 
I =• »ce. 
105 




FIGURE 4.6. 
C e l l s cooled at Z^C min-^ to -6" C, photographed during a 
30s hold at c c during reioarmiog. 
XI ,420 
(a) Gas bubbles i n the e x t r a c e l l u l a r medium have caused 
rupture of c e l l s at i c e c r y s t a l boundaries (arrows). 
(b) As i c e melts gas bubbles increase i n s i z e . 
(c) When a gas bubble contacts a shrunken c e l l i t d i v i d e s 
i n t o two bubbles. 
(d) The bubble i n contact with the c e l l t r a v e l s r a p i d l y 
through the medium, c a r r y i n g the c e l l with i t (arrow), and 
the c e l l s w e l l s . 
I Mce. 
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FIGURE 4 . 7 . 
C e l l s cooled at 15oC min- i to - S o C , then-held at - 3 °C f o r 
2 minutes. 
x^io : " 
(a) At - 2 o C , e x t r a c e l l u l a r i c e has formed. 
(b) At -3<»C, gas movement along a s o l u t i o n ' c h a n n e l between 
i c e c r y s t a l s i n i t i a t e s f r e e z i n g i n one c e l l (arrow). 
(c) During hold at - 3 o C , f u r t h e r gas movement along the,, 
channel i n i t i a t e s f r e e z i n g i n another c e l l (arrow). 
(d) F o l l o w i n g rewarming to 20°C, c e l l s f ormerly i n the 
s o l u t i o n channel have d i s i n t e g r a t e d (arrows). I n t a c t c e l l s 
from other regions of the sample have f l o a t e d i n t o t h i s 
area (*). 
L = liquid 
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(7) F i n g e r l i k e p r o j e c t i o n s , or e x t r u s i o n s , of the plasma 
membrane may extend from the c e l l during c o o l i n g ( f i g u r e 
4.8.a.). or during rewarming at subzero temperatures 
( f i g u r e s 4.9. & 4,10.). Their formation i s a time and 
temperature-dependent process. They can be induced by 
i n c o r p o r a t i n g a *hold' time at the minimum temperature of 
a f r e e z i n g p r o t o c o l which would not otherwise induce t h e i r 
formation. The form which they take may be d i c t a t e d by 
adjacent s u r f a c e s ; f i g u r e 4.8. shows the a s s o c i a t i o n 
between two adjacent c e l l s (see a l s o chapter 5). Membrane 
ext r u s i o n s are g e n e r a l l y i n c o r p o r a t e d d u r i n g , or 
f o l l o w i n g , rewarming. 
(8) I f c e l l s are subjected to a f r e e z i n g treatment which 
i s i n s u f f i c i e n t to cause the formation of membrane 
e x t r u s i o n s , the membrane may i n s t e a d become ^baggy' 
( f i g u r e 4.10. ) . 
(9) Membrane e x t r u s i o n s can form while the f l a g e l l a are 
s t i l l b e a t i n g . 
(10) C e l l s may become m o t i l e while s t i l l s e v e r e l y 
d i s t o r t e d . I t may be s e v e r a l minutes before the o r i g i n a l 
form i s regained ( f i g u r e 4.11.). 
(11) Fol l o w i n g a c r i t i c a l exposure to low temperatures and 
frozen c o n d i t i o n s , massive s w e l l i n g , beginning as membrane 
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FIGURE 4.8. 
C e l l s cooled at 0 .5oC min-1 to - 3 o C . 
X I , 420 
(a) At -30c, membrane e x t r u s i o n s extend from the c e l l 
s u r f a c e . 
(b) At -3°C, membrane e x t r u s i o n s extend over the surface " 
of adjacent c e l l s (arrows). 
(c) At 0<>C, during rewarming, c e l l s p a r t but e x t r u s i o n s 
are s t i l l evident (arrows). 
(d) A f t e r 30 seconds at O"C, membrane e x t r u s i o n s are 
withdrawn. 
L = liquid 
I =Tce. 
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FIGURE 4.9. 
C e l l s cooled at 30°C min- i to -2.5°C. 
XI,420 
(a) At - 2 . 5 0 c , no membrane e x t r u s i o n s are evident. 
(b) At OoC, during rewarming, membrane ex t r u s i o n s haye 
formed. 
I -- ice/ 
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FIGURE 4.10. 
C e l l s cooled at O.50C min-1 to -20C. 
XI, 420 
(a) At -2oCi the plasma membrane appears 'baggy', i e . 
l o o s e l y separated from the c e l l body. 
(b) At OoC,• during rewarming, the .baggy membrane 
invaginates (arrows).. 
(c) During hold at OoC, membrane e x t r u s i o n s are formed 
(arrows). 
(d) At 2O0C, membrane e x t r u s i o n s round o f f and are 
rei n c o r p o r a t e d . 
L = Uqu\cl 
I ^ ice 
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FIGURE 4.11. 
C e l l s cooled at 0.25oC min-1 to -l.d^C. 
XI,420 
(a) At -I . 5 0 C , c e l l s i n c l o s e a s s o c i a t i o n with one another 
e x h i b i t baggy plasma membranes during f r e e z i n g . 
(b) At 0°C, during r e w a r m i h g o n e c e l l - of a c l o s e l y 
a s s o c i a t e d p^air has rounded up ( s o l i d arrow), the other 
remains d i s t o r t e d (open arrow). 
(c) At 20°C, the p a i r of c e l l s have both rounded up. 
L - liauid 
I i^ce 
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blebbing, may occur ( f i g u r e 4.12.a.) near room 
temperature. The p r o b a b i l i t y of blebbing o c c u r r i n g on 
thawing i s i n f l u e n c e d by the minimum temperature and 
du r a t i o n of the f r e e z i n g treatment. 
(12) S w e l l i n g may be f o l l o w e d by c o l l a p s e of the outer 
membrane and formation of sma l l e r blebs of c h l o r o p l a s t 
membrane ( f i g u r e 4.12.b-d.). 
(13) F o l l o w i n g a more severe f r e e z i n g p r o t o c o l ( i e . lower 
temperature and/or longer d u r a t i o n of exposure) c e l l s may 
f a i l to s w e l l massively or to reg a i n t h e i r o r i g i n a l form 
or m o t i l i t y during rewarming. Ne i t h e r do they stay i n the 
shrunken c o n d i t i o n . C e l l s expand beyond t h e i r o r i g i n a l 
volumes but t h e i r o u t l i n e s are i n d i s t i n c t and they 
resemble the ruptured c e l l s f o l l o w i n g i n t r a c e l l u l a r i c e 
formation or blebbing ( f i g u r e 4.13.). Reexpansion may 
begin before the sudden l o s s of i n t e g r i t y takes p l a c e . 
This form of l y s i s w i l l be termed r e h y d r a t i o n l y s i s . 
(14) Membrane e x t r u s i o n s have, on r a r e occasions, been 
observed t o round up i n t o v e s i c l e s and drop o f f . When t h i s 
occurred the c e l l ruptured on thawing before the o r i g i n a l 
c e l l volume was a t t a i n e d . 
(15) Provided i n t r a c e l l u l a r i c e does not form, the values 
of c o o l i n g and warming r a t e s w i t h i n the f r e e z i n g p r o t o c o l 
can be reversed to achieve the same morphological response 
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FIGURE 4.12. 
C e l l s cooled at 2°C min-^ to -3°C, and h e l d f o r 4 minutes 
at -30 c. 
XI,420 ' 
(a) 1 minute a f t e r rewarming to 25°C, blebbing. occurs i n 
most c e l l s . 
(b) 3.5 minutes a f t e r rewarming, blebbing of the 
c h l o r o p l a s t occurs (arrows) wh i l e the membrane surrounding 
the o r i g i n a l s w e l l i n g i s s t i l l i n t a c t . 
(c) 4 minutes a f t e r rewarming. C e l l and c h l o r o p l a s t 
s w e l l i n g s both begin to c o l l a p s e . 
(d) 5 minutes a f t e r rewarming, the membrane surrounding 
the o r i g i n a l s w e l l i n g detaches and the c h l o r o p l a s t 
s w e l l i n g has c o l l a p s e d . 
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FIGURE 4.13. 
C e l l s cooled at l^C min-i to -11°C. 
During rewarraing, c e l l s begin to re-expand, but rupture 
almost immediately. This i s termed 'rehydration l y s i s ' i n 
the t e x t . Photographed at 25°C. 
X710 
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and s u r v i v a l . 
(16) Recorded s u r v i v a l d e v iated f u r t h e s t from expected 
s u r v i v a l at slow c o o l i n g r a t e s and agreed c l o s e l y with 
p r e d i c t e d values at r a p i d c o o l i n g r a t e s . S u r v i v a l values 
f o l l o w i n g rewarming to 20° C are p l o t t e d i n f i g u r e 4.1..b. 
(17) When the sample temperature has dropped from 20°C to 
about 10°C i n the i n i t i a l stage of the c o o l i n g curve, c e l l 
movement i s modified to a v i b r a t o r y motion. 
(18) F l a g e l l a may become detached f o l l o w i n g c o o l i n g at a 
range of r a t e s between 0.5°G min and 30°C min-^ to 
temperatures below r-2.5°C. Detachment i s evident on 
thawing. Detached f l a g e l l a are club-ended. C e l l s r e t a i n i n g 
one f l a g e l l u m s p i n on thawing. 
4.4. D i s c u s s i o n 
Determinations of s u r v i v a l f o l l o w i n g cryomicroscopy 
d i f f e r q u a n t i t a t i v e l y from v i a b i l i t y values f o r c e l l 
populations f r o z e n i n bulk i n - a low temperature bath 
(chapter 3), although the r e s u l t s show a s i m i l a r t r e n d 
( f i g u r e s 4.1.a. & 4.1.b.). 
Whilst the cryomicroscope i s the only method a v a i l a b l e 
f o r d i r e c t observation of specimens during f r e e z i n g , the 
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p a t t e r n of f r e e z i n g w i l l d i f f e r from t h a t i n the bulk 
samples used f o r v i a b i l i t y t e s t s (chapter 3) and EM 
i n v e s t i g a t i o n s (chapter 5) due to the d i f f e r e n c e i n 
geometry of the specimen holder. The two-dimensional 
geometry of the cryostage enables the temperature of the 
specimen at the thermocouple t i p to be very c l o s e l y 
c o n t r o l l e d . Thus i t w i l l be u n a f f e c t e d by the r e l e a s e of 
l a t e n t heat of c r y s t a l l i s a t i o n . The l a r g e thermal gradient 
w i t h i n a bulk sample (see chapter 3) w i l l a l l o w upper 
regions of the specimen to be c o n s i d e r a b l y a f f e c t e d by the 
r e l e a s e of l a t e n t heat of c r y s t a l l i s a t i o n . The 
d i s t r i b u t i o n of i c e , s o l u t e s and gases during f r e e z i n g on 
the cryostage i s expected to be d i f f e r e n t to t h a t i n bulk 
samples, because the dimensions of the specimen . are so 
d i f f e r e n t . 
Several d i f f e r e n t forms of i n j u r y have been observed 
f o l l o w i n g f r e e z i n g and thawing on the cryomicroscope 
stage. L i g h t microscope observations support the two , 
f a c t o r hypothesis (Mazur et a i , 1972); r a p i d c o o l i n g i s 
l i k e l y to r e s u l t i n i n t r a c e l l u l a r i c e formation, e i t h e r 
due to thigmotropic n u c l e a t i o n by gas bubbles or to 
spontaneous nucleation.' Slow c o o l i n g w i l l r e s u l t i n 
c e l l u l a r dehydration, o f t e n accompanied by the formation 
of membrane e x t r u s i o n s . I n j u r y may be evident on thawing 
by immediate d i s i n t e g r a t i o n , here termed r e h y d r a t i o n 
l y s i s , or by massive s w e l l i n g f o l l o w e d by rupture of the 
c e l l . 
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4.4.1. i n t r a c e l l u l a r i c e formation 
(1) Determination of i n t r a c e l l u l a r i c e formation by 
observation of black f l a s h i n g 
There i s some controversy surrounding the 
i n t e r p r e t a t i o n of black f l a s h i n g as i n t r a c e l l u l a r i c e 
n u c l e a t i o n . The o p t i c a l darkening of c e l l contents, known 
as black f l a s h i n g , has been presumed to be due to the 
d i f f r a c t i o n of l i g h t by small i c e c r y s t a l s (Luyet and 
Gibbs, 1932), although t h i s has not been u n e q u i v o c a l l y 
accepted (Steponkus and Dowgert, 1983). 
I t i s understood t h a t the r a p i d appearance of 
s t r u c t u r e s with dimensions i n the v i s i b l e wavelength range 
(0.4 - 0.7jum) might cause o p t i c a l darkening. Both a i r 
bubbles and i c e c r y s t a l s with dimensions i n t h i s range 
e x i s t i n fr o z e n samples, so the formation of e i t h e r may be 
res p o n s i b l e f o r *black f l a s h i n g ' (Morris and McGrath, 
1981). However, Steponkus and Dowgert (1981) suggest t h a t 
small i n t r a c e l l u l a r gas bubbles are r e s p o n s i b l e f o r *black 
f l a s h i n g ' seen i n Rye p r o t o p l a s t s . I f t h i s i s so, the 
absence of 'black f l a s h i n g ' cannot be construed to 
i n d i c a t e that i n t r a c e l l u l a r i c e formation has not 
occurred, as there are circumstances under which the 
formation of i n t r a c e l l u l a r i c e may not be accompanied by 
bubble formation (Steponkus and Dowgert, 1981). 
I f 'black f l a s h i n g ' i s a d i r e c t e f f e c t of the presence 
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of i c e c r y s t a l s then c o n d i t i o n s e x i s t , at very slow or 
very f a s t c o o l i n g r a t e s , when 'black f l a s h i n g ' may not be 
evident despite the presence of i n t r a c e l l u l a r i c e . At very 
r a p i d r a t e s of c o o l i n g , i c e c r y s t a l s as small as 0.03um 
may form (Shimada and Asahina, 1978) and under c e r t a i n 
c o n d i t i p n s l a r g e i c e c r y s t a l s the s i z e of a c e l l form 
(Franks et al. , 1983). Neither of these two extremes v-jould 
be v i s i b l e i n the l i g h t microscope. 
The d e t e c t i o n of 'black f l a s h i n g ' i s used i n t h i s study 
to i d e n t i f y i n t r a c e l l u l a r n u c l e a t i o n temperatures i n the 
lac k of a more r e l i a b l e t e s t , but the shortcomings of the 
t e s t must be noted. However, very r a p i d c o o l i n g r a t e s have 
not been employed i n t h i s i n v e s t i g a t i o n , and ' the 
p o s s i b i l i t y of very l a r g e i n t r a c e l l u l a r i c e c r y s t a l s 
forming can be examined by e l e c t r o n microscopy (chapter 
5) . 
(2) I n t r a c e l l u l a r n u c l e a t i o n temperatures 
I t i s known tha t f o r a given c e l l type, f a s t e r c o o l i n g 
r a t e s increase the • l i k e l i h o o d of i n t r a c e l l u l a r i c e 
formation (Mazur et a i . , 1972). The i n f l u e n c e of c o o l i n g 
r a t e on the p r o b a b i l i t y of i n t r a c e l l u l a r i c e formation and 
the i n t r a c e l l u l a r n u c l e a t i o n temperature have been 
determined f o r a number of organisms eg. mammalian t i s s u e 
c u l t u r e c e l l s (McGrath et ai.,1975),. red blood c e l l s 
( D i l l e r et a i . , 1976), mouse ova (Leibo et al., 1978, R a i l 
et a i . , 1980), Spyrogyra (Morris & McGrath, 1981), Rye 
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p r o t o p l a s t s (Steponkus et al., 1983) and. desmids (Morris 
et al. , 1986). The i n t r a c e l l u l a r n u c l e a t i o n temperatures 
are g e n e r a l l y w i t h i n the range - 5 » C to - 2 0 ° C (Mazur, 
1977). The incid e n c e of i n t r a c e l l u l a r i c e formation during 
c o o l i n g at d i f f e r e n t r a t e s to a range of subzero 
temperatures- i s p l o t t e d f o r CW15+ and f o r Rye p r o t o p l a s t s 
(Steponkus et al., 1983) i n f i g u r e 4 .14 . The incidence of 
'black f l a s h i n g ' i n both systems increiases with c o o l i n g r a t e 
to 7-10" min-^ and with decrease i n temperature to 
- 1 5 - - 2 0 ° C . A v a i l a b l e data suggests t h a t f o r most s t u d i e d 
organisms the i n t r a c e l l u l a r n u c l e a t i o n temperature i s 
s t a t i s t i c a l l y independent or very weakly dependent on 
c o o l i n g r a t e . This i s a l s o t r u e f o r CW15+ c e l l s . Mean 
n u c l e a t i o n temperatures f o r CW15+ c e l l s at each c o o l i n g 
r a t e are given i n t a b l e 4 . 1 3 . As two peaks are evident i n 
each of the sets of histograms i n f i g u r e 4 . 2 . , one 
r e s u l t i n g from 'spontaneous' n u c l e a t i o h and the other from 
h u c l e a t i o n t r i g g e r e d by e x t r a c e l l u l a r gas movement, i t i s 
necessary to d i s t i n g u i s h between the two when c a l c u l a t i n g 
the mean n u c l e a t i o n temperatures, as shown i n t a b l e 4 .i3. 
The mean n u c l e a t i o n temperature taken from a l l CW15+ 
samples i s - 8 . 5 o C +4.6oC, w i t h a mean 'spontaneous' 
n u c l e a t i o n temperature of - 1 0 . 8 ± 3 . 4 o C . M o r r i s et ai ( 1 9 8 1 ) 
report a mean n u c l e a t i o n temperature of - 8 . l i 2 . 7 o C f o r the 
same organism. 
McGrath (1987) s t a t e s t h a t f o r a given sample i t i s 
common to observe standard d e v i a t i o n s of approximately 
i 2 - 3 o C about the mean value. The mean values from most of 
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[a] Rye protoplasts. [ Redrawn from Steponkus etal.19831 
[b]C.reinhardtii CW15+ 
Figure 4.14 The incidence of tntracellu lar ice formation in isolated plant 
protoplasts [a] and C.reinhardtii CW15"*" [b] as a function 
of cooling rate. 
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these reported experiments have a standard d e v i a t i o n of 
l e s s than 3oC, but a s l i g h t l y l a r g e r standard d e v i a t i o n of 
± 3 . 6 o C at a c o o l i n g r a t e of 10°C min" i. I t i s p o s s i b l e 
that at t h i s c o o l i n g r a t e the 'black f l a s h i n g ' seen at 
-5°C and at -6°C was due to gas bubble movement through 
the medium, although not recorded as such, and that the 
c e l l s which were observed to have darkened as low. as -20° C 
had a c t u a l l y done so at a higher temperature but were not 
recorded u n t i l the end of the experiment. There are 
obvious p r a c t i c a l d i f f i c u l t i e s a s s o c i a t e d with measuring 
accurate 'black f l a s h i n g ' temperatures at r a p i d c o o l i n g 
r a t e s . 
I t i s c l e a r t h a t i n t r a c e l l u l a r i c e forms i n CW15+ 
c e l l s at temperatures near -10.8°C at r a t e s of c o o l i n g 
exceeding 2°C min- i. I t can be assumed th a t at these 
c o o l i n g r a t e s , an e q u i l i b r i u m between the water p o t e n t i a l 
of the i n t r a c e l l u l a r and e x t r a c e l l u l a r environments can no 
longer be maintained by osmotic water l o s s from the c e l l . 
At any temperature below -1°C c e l l contents may be 
undercooled and are l i a b l e to free z e i f t r i g g e r e d by, f o r 
example, movement of gas bubbles or f r e e z i n g of adjacent 
c e l l s (see notes on i n t r a c e l l u l a r o s m o l a l i t y , chapter 6 ) . 
(3) Causes of i n t r a c e l l u l a r i c e n u c l e a t i b n 
There are two processes by which i n t r a c e l l u l a r i c e 
formation may occur. 
(1) Ice may be seeded across the plasma membrane 
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from e x t r a c e l l u l a r i c e . The i n t a c t plasma membrane w i l l 
g e n e r a l l y act as a b a r r i e r to seeding from e x t r a c e l l u l a r 
i c e (Mazur, 1977). The reason f o r t h i s membrane a l l o w i n g 
i c e seeding at low temperatures remains to be determined, 
although i t i s known tha t i t s p r o p e r t i e s may be a l t e r e d by 
the e f f e c t s of reduced temperatures on membrane s t r u c t u r e 
( M o r r i s , 1987) or by i n d i r e c t e f f e c t s of the presence of 
e x t r a c e l l u l a r i c e (Grout & M o r r i s , 1987). Mazur (1977) 
suggested t h a t n u c l e a t i o n i s l a r g e l y a consequence of 
temperature e f f e c t s on i c e c r y s t a l s and tha t only below 
the c r i t i c a l n u c l e a t i o n temperature w i l l i c e c r y s t a l s of a 
s u i t a b l y small s i z e be s u f f i c i e n t l y s t a b l e to pass through 
aqueous channels i n the membrane, i n c o n t r a s t , Asahina 
(1962) suggested that i n t r a c e l l u l a r i c e n u c l e a t i o n from 
e x t r a c e l l u l a r i c e i s the r e s u l t of a l t e r a t i o n s i n the 
plasma membrane. The observations of Steppnkus et al. 
(1983), showing outward flow of the i n t r a c e l l u l a r s o l u t i o n 
of i s o l a t e d p r o t o p l a s t s before i n t r a c e l l u l a r i c e 
formation, suggest that the n u c l e a t i o n event i s p r i m a r i l y 
the r e s u l t of mechanical breakdown of the plas.ma membrane. 
(2) N u c l e a t i o n may occur w i t h i n the c e l l 
independently of e x t r a , c e l l u l a r i c e . This may be 
homogeneous n u c l e a t i o h ( i e . due to a c l u s t e r i n g of water 
molecules) or heterogeneous n u c l e a t i o n w i t h a non-aqueous 
nucleus a c t i n g as the c a t a l y s t f o r i c e formation. 
There i s a consensus t h a t , i n the presence of 
e x t r a c e l l u l a r i c e , i n t r a c e l l u l a r i c e h u c l e a t i o n i s 
heterogeneous caused by the e x t e r n a l i c e mass (Steponkus, 
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1982). For example, M o r r i s and McGrath (1981) rep o r t a 
mean n u c l e a t i o n temperature of -7.7°C i n Spyrogyra i n the 
presence of e x t r a c e l l u l a r i c e , and a s i g n i f i c a n t l y -
d i f f e r e n t n u c l e a t i o n temperature of -12.3 +1.2 i n the 
absence of e x t r a c e l l u l a r i c e . Therefore, f o r Spyrogyra a 
c r i t i c a l l e v e l of i n t r a c e l l u l a r undercooling i s not the 
t r i g g e r i n g f a c t o r f o r i c e formation. In the presence of 
e x t r a c e l l u l a r i c e a seeding e-yent must be induced w i t h i n 
the plasma membrane at about -7.T>C. 
Franks et al. (1983) cooled a sample of C. r e i n h a r d t i i 
at 1 .250C min-1 i n an emulsion of c e l l c u l t u r e i n o i l 
(oil:aqueous phase volume r a t i o = 1:1). When suspended i n 
such an emulsion the c e l l s are surrounded only by a t h i n 
l a y e r of e x t r a c e l l u l a r f l u i d which w i l l not nucleate 
during c o o l i n g above -38.5°C (the homogenous n u c l e a t i o n 
temperature of pure water). Thus seeding of i c e across the 
plasma membrane i s avoided and extensive i n t r a c e l l u l a r 
undercooling i s p o s s i b l e . Under these c o n d i t i o n s 
i n t r a c e l l u l a r i c e h u c l e a t i o n occurred at -29°C. Franks 
i n f e r r e d that n u c l e a t i o n was heterogenous, i e . by a 
non-aqueous nucleus w i t h i n the c e l l a c t i n g as the c a t a l y s t 
f o r i c e formation. The r e s u l t s from h i s undercooling 
experiments i n d i c a t e t h a t under conventional f r e e z i n g 
c o n d i t i o n s , 'spontaneous* n u c l e a t i o n r e s u l t s from seeding 
a s s o c i a t e d with e x t r a c e l l u l a r i c e at temperatures below 
-5°C. These data suggest- t h a t a l t e r a t i o n s to the plasma 
membrane occur i n frozen samples at temperatures below 
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- 5 o C , a l l o w i n g i c e propagation i n t o the c e l l . 
Black f l a s h i n g i s a l s o observed at temperatures 
between - l ^ C and -5°C. At these temperatures i n t r a c e l l u l a r 
i c e n u c l e a t i o n i s not seen as a spontaneous event but i s 
ob v i o u s l y t r i g g e r e d by c o l l i s i o n w i t h r a p i d l y moving gas 
bubbles i n the e x t r a c e l l u l a r medium. In these cases the 
damage to the plasma membrane may be presumed to be of a 
d i f f e r e n t type (see s e c t i o n 4.4.2.). 
(4) I n j u r y a s s o c i a t e d w i t h i n t r a c e l l u l a r i c e 
Although s e v e r a l c e l l types have been demonstrated to 
be v i a b l e f o l l o w i n g the formation of i n t r a c e l l u l a r i c e 
(Asahina et al., 1970, M o r r i s et al. , 1977, R a i l et al., 
1980), i t i s g e n e r a l l y accepted t h a t i n t r a c e l l u l a r i c e 
formation during r a p i d c o o l i n g , or i t s subsequent 
r e c r y s t a l l i s a t i o n during warming, i s l e t h a l . This may be a 
r e s u l t of d i r e c t mechanical damage by i c e c r y s t a l s 
although there i s l i t t l e evidence f o r t h i s . Steponkus et 
al. (1983) observed a number of phenomena i n higher p l a n t 
p r o t o p l a s t s o c c u r r i n g immediately before i n t r a c e l l u l a r i c e 
formation, and suggest t h a t mechanical f a i l u r e of the 
plasma membrane precedes i n t r a c e l l u l a r i c e formation and 
exposes the undercooled i n t r a c e l l u l a r s o l u t i o n to the 
e x t e r n a l i c e matrix, thus piroposing that i n t r a c e l l u l a r i c e 
formation i s a consequence r a t h e r than a cause of membrane 
damage. I n t r a c e l l u l a r f r e e z i n g does l e a d to a 
conc e n t r a t i o n of the c e l l contents and so w i l l c r e a t e 
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s i m i l a r s t r e s s e s t o those imposed by dehydration at slow 
c o o l i n g r a t e s . However, f o r any p a r t i c u l a r minimum 
temperature d u r a t i o n of exposure to those s t r e s s e s during 
c o o l i n g w i l l o b v i o u s l y be l e s s at r a p i d c o o l i n g r a t e s . 
CW15+ c e l l s have not been observed to s u r v i v e 
i n t r a c e l l u l a r f r e e z i n g . F i g u r e 4.15. shows a c o r r e l a t i o n 
between the l o s s of s u r v i v a l and the occurrence of 
i n t r a c e l l u l a r i c e i n CW15+ c e l l s cooled a t 10°C min-i to a 
range of temperatures down to -20°C. Although t h i s 
r e l a t i o n s h i p has been e s t a b l i s h e d , i t has not proved 
p o s s i b l e to i d e n t i f y the primary cause of i n j u r y from the 
r e s u l t s of t h i s l i m i t e d study. The d i s t r i b u t i o n of- i c e 
c r y s t a l s w i t h i n the c e l l can be i n v e s t i g a t e d by e l e c t r o n 
microscopy (chapter 5), as can the l o c a t i o n of p o s s i b l e 
s i t e s of mechanical i n j u r y . 
4.4.2. Gas bubbles. 
The formation of gas bubbles i n bulk s o l u t i o n s during 
f r e e z i n g was observed as e a r l y • as 1897 (Molisch, 1897 
tra n s . 1982) but l i t t l e i n v e s t i g a t i v e work has been 
c a r r i e d out i n t o the r o l e of gas i n f r e e z i n g i n j u r y and 
such s t u d i e s have tended to concentrate on d i s s o l v e d gases 
from w i t h i n c e l l s coming out of s o l u t i o n , u s u a l l y during 
thawing. However, i n t r a c e l l u l a r gas bubble formation has 
been observed during c o o l i n g and rewarming of r a p i d l y 
cooled higher p l a n t p r o t o p l a s t s (Steponkus and Dowgert, 
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Figure 4.15 Effect of temperature on the survival 
• of C.reinhardtii C W15"^  and on the 
incidence of intracellular ice formation 
at a cooling rate of 10°Cmin~' 
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1981). Morris et al. ( 1986) reported gas bubbles during 
thawing only of the u n i c e l l u l a r algae Cylindrocystis and 
Micrasterias, and during rewarming of Micrasterias 
f o l l o w i n g shrinkage without i n t r a c e l l u l a r i c e formation. 
Bubbles formed during thawing w i t h i n f i l a m e n t s of 
Spyrogyra which contained i n t r a c e l l u l a r i c e and i n the 
e x t r a c e l l u l a r medium (Morris & McGrath, 1981). Morris and 
McGrath suggest t h a t i n j u r y caused by contact between 
c e l l s and gas bubbles may r e s u l t from chemical a l t e r a t i o n s 
such as membrane l i p i d p e r o x i d a t i o n , changes i n pH caused 
by enriched CO2, or the a p p l i c a t i o n of d i r e c t p h y s i c a l 
forces r e s u l t i n g from the d i f f e r e n c e i n i n t e r f a c i a l 
t e n s i o n f o r the air:aqueous i n t e r f a c e and the 
membrane:aqueous phase i n t e r f a c e . 
The r e s u l t s of the present study r e v e a l four 
s i t u a t i o n s where gas bubbles have the p o t e n t i a l to cause 
c e l l damage, i e . both w i t h i n c e l l s and i n contact with the 
c e l l s u r f a c e , during f r e e z i n g and thawing. 
(1) The formation of gas bubbles dur i n g f r e e z i n g and 
thawing 
When a s o l u t i o n f r e e z e s , gases are concentrated i n the 
the r e s i d u a l aqueous phase. At any subzero temperature 
above the e u t e c t i c p o i n t " the o s m o l a l i t y of an i d e a l , 
d i l u t e , aqueous s o l u t i o n i n e q u i l i b r i u m with i c e i s : 
AT°C/1.86 (osmoles " , l^" ^ ) , where A T" 0 i s the depression 
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of f r e e z i n g p o i n t . The p r o p o r t i o n of unfrozen s o l u t i o n i s 
the r e f o r e d i r e c t l y r e l a t e d to the molar co n c e n t r a t i o n 
before f r e e z i n g . The maximum s o l u b i l i t y of a i r i n i c e i s 
at l e a s t one thousand times l e s s than the s o l u b i l i t y of 
a i r i n water so an i n s i g n i f i c a n t amount of gas w i l l be 
inc l u d e d i n the i c e l a t t i c e (Morris & McGrath, 1981), and 
the c o n c e n t r a t i o n of gas i n the unfrozen p o r t i o n of the 
sample w i l l a l s o be r e l a t e d to i t s c o n c e n t r a t i o n i n the 
medium before f r e e z i n g . This w i l l be determined p a r t l y by 
the age of the c u l t u r e medium and be lower i n f r e s h l y 
autoclaved medium. Assuming i d e a l s o l u t i o n behaviour f o r 
the c u l t u r e medium at - 2 o C , the f r a c t i o n of unfrozen 
medium follov^ing the formation of i c e w i l l be 4%.. I f the 
d i s s o l v e d gases are excluded from the i c e , they would then 
be concentrated by a f a c t o r of 25 i n the r e s i d u a l aqueous 
compartment. 
The s o l u b i l i t y of gas i n water increases with 
i n c r e a s i n g pressure and decreasing temperature, and w i l l 
double between 0° C and -20<>C (Hobbs, 1974) . Although these 
f a c t o r s w i l l i ncrease gas s o l u b i l i t y during f r e e z i n g the 
increase i n co n c e n t r a t i o n w i l l counter the e f f e c t under 
c e r t a i n c o n d i t i o n s and gases w i l l come out of s o l u t i o n . 
Enrichment of d i s s o l v e d s a l t s i n the unfrozen s o l u t i o n 
w i l l a l s o reduce the s o l u b i l i t y of the gases. A three 
phase system w i l l then e x i s t , of i c e , gas bubbles and 
aqueous s o l u t i o n s a t u r a t e d with gases and c o n t a i n i n g 
concentrated s o l u t e s . 
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(2) Gas bubbles i n the e x t r a c e l l u l a r medium 
A s i g n i f i c a n t l o s s i n v i a b i l i t y i s a s s o c i a t e d with 
mechanical i n t e r a c t i o n s between c e l l s and e x t r a c e l l u l a r 
gas bubbles during c o o l i n g at ra t e s of 2°C min- i or 
great e r . The movement of gas bubbles through the medium at 
high subzero temperatures can t r i g g e r i n t r a c e l l u l a r i c e 
formation, or cause complete d i s r u p t i o n by the mechanical 
s t r e s s e s imposed by c o l l i s i o n . 
As a sample freezes on the cryomicroscope stage the 
advancing i c e f r o n t w i l l be preceded by a region of 
i n c r e a s i n g l y concentrated s o l u t i o n . The gases d i s s o l v e d i n 
t h i s r e s i d u a l s o l u t i o n w i l l a l s o become i n c r e a s i n g l y 
concentrated (Lipp et aJ.,1987). Gas bubble n u c l e a t i o n 
occurs p r e f e r e n t i a l l y i n i n t e r d e n d r i t i c channels, p o s s i b l y 
because these present rougher surfaces than the planar i c e 
.1 -
boundary. At c o o l i n g r a t e s below 2°0 min-^, a s i n g l e i c e 
f r o n t passes s l o w l y across the f i e l d of view, but at 
c o o l i n g r a t e s between 2°C min-^ and 15°C min-^ i c e c r y s t a l 
growth tends - to be d e n d r i t i c . V?here two advancing i c e 
f r o n t s meet and form a boundary, the concentrated 
s o l u t i o n s ahead of each one w i l l merge and be compressed 
by the i c e . I t i s common to see c l u s t e r s of c e l l s , which 
have been excluded from the advancing i c e f r o n t , w i t h i n 
these channels ( f i g u r e 4.3.). At the slowest c o o l i n g r a t e s 
c e l l shrinkage and the planar growth of i c e avoid the 
i n i t i a t i o n of i n t r a c e l l u l a r i c e formation by gas movement. 
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When gas bubbles are formed at the i c e / l i q u i d 
i n t e r f a c e , r a p i d gas movement can take place along the 
narrow i n t e r g l a c i a l channels. Those c e l l s trapped i n 
channels between i c e p l a t e s are most l i a b l e to be damaged 
by movement of gas coming out of the c u l t u r e medium. 
The e f f e c t s of e x t r a c e l l u l a r gas movement at 
temperatures between -2°C and -5°C, during f r e e z i n g , 
account f o r a l o s s i n v i a b i l i t y of between 7.3% and 26.5% 
at c o o l i n g r a t e s t e s t e d above 1°C min-^ ( c a l c u l a t e d from 
the data shown i n f i g u r e 4. 2.). This l o s s i n v i a b i l i t y 
f o l l o w i n g r a p i d c o o l i n g to high subzero temperatures was 
evident from the r e s u l t s of chapter 3. 
(3) Gas bubbles a s s o c i a t e d w i t h i n t r a c e l l u l a r f r e e z i n g 
The formation of i c e w i t h i n c e l l s w i l l r e s u l t i n 
concentr a t i o n of d i s s o l v e d gases i n the i n t e r i o r , aqueous 
phase i n the same way as desc r i b e d above. Gases w i l l come 
out of s o l u t i o n i n the form of bubbles, which may be 
forced out of the c e l l a t the moment of 'black f l a s h i n g ' . 
This occurs at c o o l i n g r a t e s of lOoC min- i and' gr e a t e r . 
These are more r a p i d c o o l i n g r a t e s than those r e q u i r e d f o r 
e x t r a c e l l u l a r bubble formation during c o o l i n g , and may 
r e f l e c t the l o s s of d i s s o l v e d gases from the c e l l during 
dehydration at slower c o o l i n g r a t e s . 
Gas bubbles may form w i t h i n c e l l s i n some 
circumstances, or c e l l s may simply a ct as nu c l e a t o r s f o r 
e x t r a c e l l u l a r gas bubble formation. I n t r a c e l l u l a r gas 
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bubbles may be expected to be small because there i s not 
much gas a v a i l a b l e f o r bubble growth. A l s o , 
c r y s t a l l i s a t i o n w i t h i n the c e l l occurs i n a r a p i d and 
hcJr\directional manner so again yv might be expected to be 
small (Lipp et a i . , 1987). In t h i s study gas bubbles 
a s s o c i a t e d with c e l l s during f r e e z i n g are i n t e r p r e t e d as 
being i n t r a c e l l u l a r i n o r i g i n , with t h e i r formation being 
t r i g g e r e d by i n t r a c e l l u l a r i c e , which would r a p i d l y 
i n c rease the c o n c e n t r a t i o n of d i s s o l v e d gases i n the 
remaining unfrozen s o l u t i o n . The bubbles leave the c e l l 
with c o n s i d e r a b l e f o r c e as black f l a s h i n g takes p l a c e . I f 
bubbles were n u c l e a t i n g at the c e l l s urface i t i s u n l i k e l y 
that they would give such an appearance of ejection- from 
the c e l l . Thus i t i s l i k e l y t h a t the gas bubbles which 
form during i n t r a c e l l u l a r i c e formation are a l s o 
i n t r a c e l l u l a r i n o r i g i n . 
(4) Gas bubbles during thawing 
Gas bubbles are f r e q u e n t l y seen a s s o c i a t e d with c e l l s 
during thawing. The o r i g i n of these gas bubbles i s not so 
e a s i l y i d e n t i f i e d (see above). Concentration of gases w i l l 
occur at advancing i c e f r o n t s (both w i t h i n the c e l l and i n 
the e x t r a c e l l u l a r s o l u t i o n ) during f r e e z i n g , and may 
remain i n s o l u t i o n during c o o l i n g as a r e s u l t of the 
increased s o l u b i l i t y of a i r i n water with decrease i n 
temperature. As a sample i s rewarmed the s o l u b i l i t y of a i r 
i n water decreases and concentrated gases may then be 
132/3 

f o r c e d out of s o l u t i o n . 
Morris and McGrath (1981) c a l c u l a t e d t h a t , i n the 
system they were u s i n g , warming r a t e s of l e s s than 0.5°C 
min-1- provided s u f f i c i e n t time f o r gases to r e t u r n to 
s o l u t i o n before they reached a s i z e above the r e s o l u t i o n 
of the l i g h t microscope (0.33pm). C r i t i c a l dimensions of 
gas bubbles l i k e l y to cause i n j u r y have not been 
determined, and are l i k e l y to d i f f e r i n the i n t r a - and 
e x t r a c e l l u l a r environment. However, i t may be an important 
c o n s i d e r a t i o n when designing a f r e e z i n g p r o t o c o l f o r 
c r y o p r e s e r v a t i o n t h a t the rewarming r a t e i s s u f f i c i e n t l y 
slow to prevent s i g n i f i c a n t damage by gas bubbles during 
thawing. In a study using Chinese hamster f i b r o b l a s t s and 
m u l t i c e l l u l a r spheroids, Kruuv et al. (19,85) found t h a t by 
degassing c e l l s and medium p r i o r to a freeze-thaw c y c l e , 
s i g n i f i c a n t l y higher s u r v i v a l r e s u l t e d . 
Gas bubbles have been observed to permeate c e l l 
membranes from w i t h i n c e l l s which do not c o n t a i n 
i n t r a c e l l u l a r i c e i n t h i s system and i n others (Schiewe 
and Korber, 1982). In such circumstances, gas bubbles 
escaping from the c e l l may be s e v e r a l um i n diameter. 
Although they only reach these dimensions on rounding up 
at the e x t r a c e l l u l a r surface of the membrane, the escape 
of gas i s so r a p i d that p e r f o r a t i o n of the membrane can be 
expected to r e s u l t from the p h y s i c a l f o r c e encountered. 
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4.4.3. Slow c o o l i n g and c e l l u l a r dehydration. 
Changes are evident during slow c o o l i n g and c e l l u l a r 
dehydration, but i n j u r y does not become apparent u n t i l the 
sample i s rewarmed. Two forms of i n j u r y may then be 
observed. The shrunken c e l l may s w e l l during thawing, 
r e t a i n i n g an i n t a c t l i m i t i n g membrane, or i n j u r y may 
become apparent almost immediately as the c e l l 
d i s i n t e g r a t e s . 
(1) L y s i s f o l l o w i n g s w e l l i n g beyond the o r i g i n a l c e l l 
volume 
In the f i r s t form of i n j u r y , s w e l l i n g may continue 
u n t i l the c e l l i s s e v e r a l times i t s i n i t i a l volume. 
Massive s w e l l i n g may begin i n the form of s e v e r a l small 
blebs at the c e l l s urface or as a s i n g l e s w e l l i n g , and i n 
l a t e r stages always takes on a b a l l o o n - l i k e form around 
the c h l o r o p l a s t ; which r e t a i n s only one region of contact 
with the surrounding membrane. The term bleb i s commonly 
used to desc r i b e rounded membrane protruberances. Two 
types of bleb are g e n e r a l l y recognised: p o t o c y t o t i c blebs 
are d e f i n e d by Z o l l i n g e r (1948) as b l i s t e r s c o n t a i n i n g 
c l e a r f l u i d , separated from the c e l l nucleus and 
or g a n e l l e s by a d i s t i n c t boundary, z e i o t i c blebs may 
co n t a i n endoplasmic o r g a n e l l e s , which are not separated 
from the body of the c e l l by any form of b a r r i e r ( P o r t e r 
et a i . , 1973). Blebs seen i n CW15+ c e l l s are f i l l e d with 
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c l e a r f l u i d and may be de s c r i b e d as ' p o t o c y t o t i c ' . 
Blebbing has been reported as a response to s t r e s s i n 
s e v e r a l systems. Blebbing of Chinese hamster c e l l s occurs 
f o l l o w i n g heating to about 43oC (Bass et al., 1982, 
B o r r e l l i et al. , 1986). A s i m i l a r response has been 
observed i n hepatocytes f o l l o w i n g hypertonic exposure 
(Grout and F u l l e r , 1982), and i n Amoeba proteus i n 
response to d i f f e r e n t s t r e s s e s (McLellan et al. , 1982). I t 
seems l i k e l y t h a t t h i s may be a general response to s t r e s s 
(Morris and Grout, 1984) and not a primary c e l l u l a r 
i n j u r y , a proposal echoed by B o r r e l l i et a J . , 1986) who 
quote repo r t s of s i m i l a r phenomena i n in vivo l i v e r t i s s u e 
under hypoxic c o n d i t i o n s (Lemasters et al., 1983) and 
f o l l o w i n g X - i r r a d i a t i o n (Borek & Fen o g l i o , 1976). This 
type of membrane v e s i c u l a t i o n may r e f l e c t damage to the 
microtubular elements of the c y t o s k e l e t o n . In the CW15+ 
c e l l microtubules are o r i e n t e d p a r a l l e l to the plane of 
the plasma membrane and c l o s e to i t s inner surface (Doonan 
& G r i e f , 1987). C o r t i c a l microtubules are thought to be 
attached to the plasma membrane. I n j u r y to the 
cyt o s k e l e t b n could, t h e r e f o r e , . a f f e c t the plasma membrane 
at these p o i n t s of contact or l e s s d i r e c t l y , by a l l o w i n g 
changes i n c e l l shape and s i z e . The c y t o s k e l e t b n i s a l s o 
important i n c o n t r o l l i n g the shape and p o s i t i o n of 
orga n e l l e s w i t h i n the c e l l . C a r t e r and Wick (1984) rep o r t 
t h a t microtubular elements of the c y t o s k e l e t o n of onion 
root t i p c e l l s can be r e v e r s i b l y depolymerised by low 
temperature i n the absence of f r e e z i n g , but that l e t h a l 
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f r e e z i n g causes i r r e v e r s i b l e microtubule depolymerisation. 
Although t h i s was shown not to be a primary i n j u r y , 
s i m i l a r events w i t h i n the CW15+ c e l l c o uld account f o r the 
s t r u c t u r a l changes which s i g n a l c e l l death a f t e r slow 
c o o l i n g . The s t r e s s which leads to blebbing i n the present 
study appears to be time and low temperature dependent. A 
s i m i l a r phenomenon observed i n red blood c e l l s , exposed to 
f r e e z i n g or hypertonic s t r e s s was a t t r i b u t e d to s o l u t e 
l o a d i n g (Lovelock, 1953, Meryman, 1971). I t i s p o s s i b l e 
that changes i n the p r o p e r t i e s of the plasma membrane,such 
as unregulated a c t i v e uptake or r e v e r s a l of membrane pump 
a c t i v i t y , a l l o w the i n f l u x of s o l u t e s w h i l e the c e l l i s 
under s t r e s s , i e . under f r o z e n c o n d i t i o n s . The osmotic 
uptake of water during thawing, to achieve e q u i l i b r i u m 
with the e x t e r n a l s o l u t i o n , w i l l then exceed the amount 
l o s t during shrinkage and the c e l l w i l l s w e l l to a volume 
greater than the o r i g i n a l . The secondary s w e l l i n g of the 
c h l o r o p l a s t e i t h e r i n s i d e the i n i t i a l membrane 'balloon' 
or f o l l o w i n g rupture of the 'b a l l o o n ' , i s presumably due 
to s i m i l a r s t r e s s e s which take longer to a f f e c t the 
c h l o r o p l a s t because i t s membrane i n i t i a l l y a cts as a 
b a r r i e r to s o l u t e l o a d i n g , being, to a degree, b u f f e r e d by 
the plasma membrane and cytoplasm. 
Extension of the plasma membrane co u l d not account f o r 
the massive expansion of the c e l l when blebbing takes 
place. The e l a s t i c surface area c o n t r a c t i o n and expansion 
of the plasma membrane of i s o l a t e d p r o t o p l a s t s i s l i m i t e d 
to only 2% (Stepdnkus et al. 1982). I t i s p o s s i b l e . 
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t h e r e f o r e , t h a t o r g a n e l l a r membrane i s i n v o l v e d i n t h i s 
response. The c h l o r o p l a s t appears i n t a c t i n s i d e the 
i n i t i a l b a l l o o n - l i k e s w e l l i n g , although i t may s w e l l 
i t s e l f i n l a t e r stages of the response. I t might be 
suggested, t h e r e f o r e , t h a t the membrane added i n t o the 
plasma membrane i s d e r i v e d from an o r g a n e l l e s i t e d o utside 
the c h l o r o p l a s t . Endoplasmic r e t i c u l u m or mi t o c h o n d r i a l 
membrane would s a t i s f i y t h i s c r i t e r i o n of l o c a t i o n . 
Whether there i s p o t e n t i a l l y s u f f i c i e n t membrane i n the 
mitochondria to account f o r such a l a r g e s w e l l i n g can be 
estimated by a simple c a l c u l a t i o n . 
C. reinhardtii v e g e t a t i v e c e l l volume = 61.94yum3, 
64.36jum3 
C reinhardtii mitochondriJal volume = 1.96^jm3, l.STjum^ 
(Blank & Arnold, 1981), so the mean m i t o c h o n d r i a l volume 
to c e l l volume r a t i o i s 2.9%. 
In hepatocytes the mitochondria occupy 22% of the t o t a l 
c e l l volume and form 39% of the t o t a l c e l l membrane, 16.5 
times that of the plasma membrane ( A l b e r t s et al, 1983). 
I f we make the assumption t h a t the r e l a t i o n s h i p between 
the r a t i o s of m i t o c h o n d r i a l volume to c e l l volume and 
mito c h o n d r i a l membrane to t o t a l c e l l membrane i s the same 
i n hepatocytes and i n C. r e i n h a r d t i i c e l l s , and tha t the 
plasma membrane makes up the same percentage of t o t a l c e l l 
membrane then the r a t i o of m i t o c h o n d r i a l membrane to 
plasma membrane i n C. reinhardtii can be estimated. 
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(hepatocyte m i t o c h o n d r i a l membrane / hepatocyte 
m i t o c h o n d r i a l volume) X C. r e i n h a r d t i i m i t o c h o n d r i a l 
volume = C. r e i n h a r d t i i m i t o c h o n d r i a l membrane 
i e . (39 / 22) X 2.9 = 5.14. 
M i t o c h o n d r i a l membrane makes up approximately 5 % of t o t a l 
c e l l membrane. I f the plasma membrane forms only 2% of 
t o t a l c e l l membrane of the C. r e i n h a r d t i i c e l l (as i t does 
i n hepatocytes, see A l b e r t s et a i . , 1983), then blebbing 
by the mitochondrion could i n c r e a s e c e l l surface area by 
2.5 times. C e l l diameter i s commonly doubled, from lO^m to 
20^m, during s w e l l i n g , which would n e c e s s i t a t e an increase 
i n surface area of 4X, so the m i t o c h o n d r i a l membrane and 
plasma membrane together would be i n s u f f i c i e n t to account 
f o r the inc r e a s e . 
Further i n v e s t i g a t i o n s i n t o these a l t e r n a t i v e s can be 
c a r r i e d out by e l e c t r o n microscopj'^ (chapter 5) and by 
fluorescence microscopy (chapter 6). 
An examination i n t o the e f f e c t s of hypertonic s t r e s s 
at d i f f e r e n t temperatures may a l s o help to e l u c i d a t e the 
problem (chapter 6). 
(2) Rehydration l y s i s 
The second form of l y s i s can be r e f e r r e d to as 
reh y d r a t i o n l y s i s , o c c u r r i n g r a p i d l y during r e h y d r a t i o n , 
and before the o r i g i n a l c e l l volume has been a t t a i n e d . 
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C e l l s may be seen to expand s l i g h t l y from the shrunken 
c o n d i t i o n , presumably by osmotic uptake of water, before 
l o s i n g i n t e g r i t y . This l o s s of i n t e g r i t y i s expressed as a 
f l a c c i d , v e s i c u l a t e d appearance. Separation of v e s i c l e s 
from the c e l l body i s common near room temperature. There 
are no i n d i v i d u a l i d e n t i f i a b l e s i t e s of rupture through 
which c e l l contents are l o s t . 
The i n i t i a l reexpansion may be due to the r e t e n t i o n of 
semipermeable c h a r a c t e r i s t i c s of the l i m i t i n g membrane of 
orga n e l l e s and of the c h l o r o p l a s t i n p a r t i c u l a r , which 
takes up a s u b s t a n t i a l p o r t i o n of the c e l l volume. 
Comparison of r e s u l t s with reported higher p l a n t 
p r o t o p l a s t responses 
Steponkus et al. (1982) de s c r i b e two forms of i n j u r y 
to i s o l a t e d higher p l a n t p r o t o p l a s t s f o l l o w i n g f r e e z i n g i n 
the absence of i n t r a c e l l u l a r i c e . The most common 
ma n i f e s t a t i o n of i n j u r y when p r o t o p l a s t s are cooled to 
temperatures above the LTso ( i e . the temperature at which 
v i a b i l i t y i s reduced to 50%) i s described as 
'expansion-induced l y s i s ' , whereas temperatures below the 
LTs0 r e s u l t i n a l o s s of osmotic responsiveness. The a l g a l 
c e l l C.reinhardtii CW15+ a l s o e x h i b i t s two forms of 
response to slow c o o l i n g and there i s a temptation to 
assume that they come under the two c a t e g o r i e s defined f o r 
higher p l a n t p r o t o p l a s t s . The f i r s t form of l y s i s oCcurs 
during reexpansion on thawing and the second occurs at low 
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temperature before- thawing and reexpansion are completed. 
However, f u r t h e r comparison r e v e a l s d i s s i m i l a r i t i e s 
between the responses of the two systems. There i s no 
changeover from one form of l y s i s to the other at the 
LTs0. C e r t a i n treatments w i l l r e s u l t i n 100% v i a b i l i t y 
l o s s e x h i b i t e d as blebbing whereas at lower temperatures 
i n j u r y may be manifest as r e h y d r a t i o n l y s i s . 
Expansion-induced l y s i s i n higher p l a n t p r o t o p l a s t s 
was a t t r i b u t e d to an i r r e v e r s i b l e d e l e t i o n of the plasma 
membrane which occurred by endocytotic v e s i c u l a t i o n i n the 
shrunken c o n d i t i o n , thus preventing the p r o t o p l a s t from 
a t t a i n i n g i t s o r i g i n a l volume on rewarming (Steponkus et 
al., 1983). B i o l o g i c a l membranes are not s i g n i f i c a n t l y 
e l a s t i c ( i e , cannot increase or decrease i n th i c k n e s s 
(Kwok and Evans, 1981)) so l a r g e changes i n surface area 
r e q u i r e that m a t e r i a l be added to or deleted from the 
plasma membrane. Acclimated p r o t o p l a s t s are able to avoid 
expansion-induced l y s i s by the r e v e r s i b l e formation of 
e x t r a c e l l u l a r membrane e x t r u s i o n s , which may take the form 
of tethered spheres w i t h a high l i p i d content. CW15+ c e l l s 
are seen to form membrane e x t r u s i o n s as a r e s u l t of 
c e l l u l a r dehydration during f r e e z i n g . This i s a r e v e r s i b l e 
process;- the e x t r u s i o n s , which are o f t e n club-ended, as 
described by Steponkus, are f r e q u e n t l y withdrawn during 
rewarming. Expansion-induced l y s i s , a t volumes smaller 
than the o r i g i n a l , p r e c o o l i n g , p r o t o p l a s t volume, i s not 
the f i r s t i n j u r y to be observed i n C.reinhardtii CW15+ 
c e i l s . On the c o n t r a r y , l y s i s a t high subzero temperatures 
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i s commonly due to. massive s w e l l i n g , to a volume f a r 
greater than the o r i g i n a l . I t could he proposed that the 
formation of membrane e x t r u s i o n s i n CW15+ p r o t e c t s the 
c e l l s from the type of expansion-induced l y s i s seen i n 
non-acclimated higher p l a n t p r o t o p l a s t s . Attempts to 
determine whether membrane e x t r u s i o n s of CW15+ c e l l s 
contained l i p i d r e s e r v o i r s , by s t a i n i n g with N i l e Red, 
produced no u s e f u l i n f o r m a t i o n as the combination of 
exposure to the s t a i n and to UV l i g h t proved damaging to 
the c e l l s . However, t h i n s e c t i o n e l e c t r o n microscopy 
should provide t h i s i n f o r m a t i o n . 
Dehydration-induced l o s s of osmotic responsiveness i n 
higher p l a n t p r o t o p l a s t s o b v i o u s l y d i s r u p t s the 
semipermeable c h a r a c t e r i s t i c s of the plasma membrane, t)ut 
the s p e c i f i c a l t e r a t i o n i n v o l v e d has not been i d e n t i f i e d . 
The f a i l u r e of higher p l a n t p r o t o p l a s t s to expand on 
thawing from temperatures below the LTso suggests t h a t 
although the p r o p e r t i e s of the membrane have been a l t e r e d , 
the membrane remains s t r u c t u r a l l y i n t a c t . The l o s s of c e l l 
contents from CW15+ c e l l s s u f f e r i n g from r e h y d r a t i o n l y s i s 
suggests the existence of l a r g e l e s i o n s i n the plasma 
membrane. Rehydration l y s i s may occur as c e l l s are 
s w e l l i n g during thawing. I f t h i s i s t r u l y the i n t a c t c e l l 
s w e l l i n g and not the i n t a c t c h l o r o p l a s t i n a r e c e n t l y 
ruptured c e l l , then t h i s type of l y s i s may be l i n k e d with 
the expansion-induced l y s i s d e s c r i b e d f o r higher p l a n t 
p r o t o p l a s t s . L y s i s may occur so r a p i d l y on thawing that i t 
i s not p o s s i b l e to determine whether any re-expansion 
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occurred before c e l l i n t e g r i t y i s l o s t . The r a p i d 
expansion which accompanies l y s i s suggests a sudden 
f a i l u r e of the c y t o s k e l e t a l system to maintain c e l l form. 
Whether r e h y d r a t i o n l y s i s r e s u l t s from i r r e v e r s i b l e 
membrane d e l e t i o n during shrinkage, as does 
expansion-induced l y s i s of higher p l a n t p r o t o p l a s t s , can 
be i n v e s t i g a t e d by t h i n s e c t i o n e l e c t r o n microscopy of 
c e l l s i n the dehydrated s t a t e (chapter 5). The o r i g i n of 
the membrane i n v o l v e d i n the blebbing response may a l s o be 
reve a l e d by t h i s technique. 
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Chapter 5. EXAMINATION OF FREEZING EFFECTS ON 
C.REINHARDTII CW15* USING ELECTRON MICROSCOPY 
CONTENTS 
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5.4. F r e e z i n g i n j u r y i n v e s t i g a t e d using standard chemical 
f i x a t i o n 
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Summary 
5.5. Freezing i n j u r y i n v e s t i g a t e d using i s o t h e r m a l f r e e z e 
f i x a t i o n 
R e s ults 
Summary 
5.6. Freezing i n j u r y i n v e s t i g a t e d using f r e e z e 
s u b s t i t u t i o n 
R e sults 
Summary 
5.7. F r e e z i n g i n j u r y i n v e s t i g a t e d using cryp SEM 
Res u l t s 
Summary 
5.8. O v e r a l l summary of r e s u l t s obtained by e l e c t r o n 
microscopy 
5.9. D i s c u s s i o n 
The format of t h i s chapter f o l l o w s a d i f f e r e n t arrangement 
to others i n t h i s t h e s i s , to improve p r e s e n t a t i o n of 
information to the reader. 
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EXAMINATION OF FREEZING EFFECTS ON C. REINHARDTII CW15-f 
USING ELECTRON MICROSCOPY 
5.1. Aims. 
The i n v e s t i g a t i o n s reported i n t h i s chapter were devised 
to c o r r e l a t e u l t r a s t r u c t u r a l i n f o r m a t i o n obtained from 
samples f i x e d p r i o r t o , during and f o l l o w i n g a freeze-thaw 
treatment, with i n f o r m a t i o n c o l l e c t e d from v i a b i l i t y 
t e s t i n g and examination with the cryo-LM. 
To complement the morphological i n f o r m a t i o n obtained 
through the use of cryo l i g h t microscopy (chapter 4) i t 
was necessary to generate u l t r a s t r u c t u r a l data .that 
surveyed the whole range of f r e e z i n g responses that have 
been observed. 
Questions which had a r i s e n through v i a b i l i t y t e s t i n g 
and cryo l i g h t microscope observations i n c l u d e d the 
f o l l o w i n g : 
1) what are the e f f e c t s of osmotic dehydration and 
i n t r a c e l l u l a r i c e on i n d i v i d u a l o r g a n e l l e s ? 
2) do membrane e x t r u s i o n s c o n t a i n l i p i d s t o r e s ? 
3) i s o r g a n e l l a r membrane i n v o l v e d i n the blebbing 
phenomenon? 
4) do u l t r a s t r u c t u r a l changes a r i s e as a r e s u l t of 
c o o l i n g i n the absence of i c e , and i f so, i s there a 
dependence on c o o l i n g rate? 
The work described i n Chapters 3 ( v i a b i l i t y t e s t s ) and 
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4 (cryo-LM) has demonstrated t h a t , i n t h i s organism, a 
c o r r e l a t i o n e x i s t s between i n t r a c e l l u l a r i c e formation and 
l o s s i n v i a b i l i t y , as proposed by Mazur (1977). There i s 
some concern, however, r e l a t i n g to the use of 'black 
f l a s h i n g ' as a s i g n of i n t r a c e l l u l a r i c e formation. 
U n f o r t u n a t e l y , conventional t h i n - s e c t i o n or scanning 
e l e c t r o n microscopy s t u d i e s of samples f i x e d a f t e r thawing 
cannot provide i n f o r m a t i o n on the presence, s i z e or 
d i s t r i b u t i o n of i n t r a c e l l u l a r i c e c r y s t a l s . In order to 
gain such i n f o r m a t i o n , and thus begin to r e s o l v e t h i s 
argument, i t i s necessary to f i x samples i n the f r o z e n 
s t a t e . A number of s t u d i e s have attempted to c o r r e l a t e 
u l t r a s t r u c t u r a l data from p r e - f r e e z e and post-thaw 
m a t e r i a l with f u n c t i o n a l i n j u r y caused during the 
freeze-thaw c y c l e (eg. Farrant et al,, 1977, Bank and 
Mazur, 1972, Beadle arid H a r r i s , 1974,). However, such 
s t u d i e s do not i d e n t i f y the primary s i t e of f r e e z i n g 
i n j u r y , or stages i n the freeze-thaw process at which 
u l t r a s t r u c t u r a l change takes p l a c e . More recent works have 
attempted to f i x specimens i n the f r o z e n s t a t e f o r EM 
examination (eg. L i u and Sherman, 1977, Withers and Davey, 
1978, Hunt et a i . , 1979, 1982,). I t was hoped that v a r i o u s 
combinations of chemical and f r e e z e - f i x a t i o n would provide 
access to the maximum amount of i n f o r m a t i o n i n t h i s 
i n v e s t i g a t i o n . There i s no r e a d i l y a v a i l a b l e e l e c t r o n 
microscope system i n which c o n t r o l l e d c o o l i n g and warming 
experiments can be c a r r i e d out on the specimen stage, due 
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to the vacuum requirements of the e l e c t r o n microscope. 
Consequently, a novel technique has been developed by 
which specimens can be observed i n the cryo-LM and then 
f i x e d immediately f o r subsequent examination i n the SEM 
(Roberts et a i . , 1987). 
5.2. Experimental Design. 
The f r e e z i n g p r o t o c o l s used i n t h i s i n v e s t i g a t i o n were 
t y p i c a l of those used f o r the cryo l i g h t microscope 
s t u d i e s (see chapter 4) They would r e s u l t i n : 
i ) c e l l shrinkage and the formation of memlarane 
e x t r u s i o n s ; 
i i ) r e h y d r a t i o n l y s i s on thawing; 
i l l ) 'blebbing* or massive s w e l l i n g on thawing; 
i v ) i n t r a c e l l u l a r i c e formation, as i n d i c a t e d by 
^black f l a s h i n g * , and a s s o c i a t e d gas e x p u l s i o n through the 
plasma membrane; and 
v) d i s i n t e g r a t i o n on thawing f o l l o w i n g i n t r a c e l l u l a r 
i c e formation. 
In a d d i t i o n to these f r e e z i n g treatments, undercooled 
samples which had been cooled at r a p i d or slow r a t e s to 
-5°C (corresponding to the treatments used f o r v i a b i l i t y 
t e s t s , chapter 3) were f i x e d f o l l o w i n g rewarming and 
examined by conventional TEM. This was not intended as a 
thorough i n v e s t i g a t i o n i n t o c o l d shock or c h i l l i n g i n j u r y 
but i s i n c l u d e d here to serve as a comparison w i t h 
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freeze-thawed samples. 
A comprehensive survey of morphological responses to 
f r e e z i n g was c a r r i e d out by using a combination of 
standard chemical f i x a t i o n and isothermal f r e e z e - f i x a t i o n 
techniques (MacKenzie et al, , 1975, Asquith & Reid, 1980). 
Both these techniques were f o l l o w e d by dehydration and 
then by c r i t i c a l p o i n t d r y i n g f o r SEM examination or by 
r e s i n embedding and s e c t i o n i n g f o r TEM examination. 
Isothermal f r e e z e - f i x a t i o n was c a r r i e d out on samples at 
the minimum temperature of the freeze-thaw p r o t o c o l and 
standard chemical f i x a t i o n was used on samples rewarmed to 
temperatures above OoC. The same f r e e z i n g p r o t o c o l s were 
examined by both techniques. 
An a l t e r n a t i v e method of f i x i n g samples i n the f r o z e n 
s t a t e i s to use fre e z e s u b s t i t u t i o n (Walter et a i . , 1975, 
Hunt, 1984). However, f r e e z i n g p a t t e r n s may not be 
maintained during f r e e z e - s u b s t i t u t i o n at high subzero 
temperatures (Hunt, 1984) so r a p i d plunge c o a l i n g i n t o 
l i q u i d ethane was used, f o l l o w e d by s u b s t i t u t i o n with a 
chemical f i x a t i v e at -80°C. This technique has been 
i n v e s t i g a t e d . 
Both f r e e z e - s u b s t i t u t i o n and isothermal 
f r e e z e - f i x a t i o n techniques are used to preserve m a t e r i a l 
as i t i s i n the f r o z e n s t a t e . Consequently, the r e s u l t s 
from these two techniques can be d i r e c t l y compared and 
t h e i r r e l a t i v e values assessed. 
The cryo-LM/SEM dual observation technique was 
developed to demonstrate these morphological responses 
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w i t h the Combined advantages of increased r e s o l u t i o n and 
depth of f i e l d a v a i l a b l e i n the SEM and the observation of 
dynamic experiments p o s s i b l e i n the LM. 
The experimental design i s summarised as a flow 
diagram ( f i g u r e 5.1.). 
Co n t r o l . samples were examined thoroughly before 
embarking on the experimental i n v e s t i g a t i o n , to ga i n a 
general a p p r e c i a t i o n of c e l l u l t r a s t r u c t u r e . Each batch of 
experimental runs was a l s o accompanied by a c o n t r o l run, 
untreated and f i x e d a t 20°C, or at 3°C where app r o p r i a t e . 
5.3. U l t r a s t r u c t u r e of Chlamydomonas r e i n h a r d t i i CW15+ 
Cont r o l samples of C. r e i n h a r d t i i CW15+ c e l l s are 
shown i n the scanning and tr a n s m i s s i o n e l e c t r o n 
micrographs i n f i g u r e s 5.2. and 5.3. r e s p e c t i v e l y = i 
The c e l l w a l l i s absent from CW15+ c e l l s , which are 
otherwise i d e n t i c a l i n s t r u c t u r e to the 32c 'wild-type* 
c e l l of Chlamydomonas r e i n h a r d t i i ( f i g u r e 5.4.a.). A 
t y p i c a l C. reinhardtii CW15+ c e l l i s round to ova l i n 
shape, with two f l a g e l l a a r i s i n g from the a n t e r i o r end 
( f i g u r e s 5.2, 5.3.). The two f l a g e l l a a r i s e from a b a s a l 
body to which a s t r i a t e d root i s attached. Four 
microtubular roots spread out around the c e l l , l y i n g j u s t 
below the plasma membrane ( f i g u r e 5.5.d.). The f l a g e l l a i n 
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FIGURE 5.2. 
_ j b . Scanning e l e c t r o n micrograph of a c o n t r o l sample of 
u n i c e l l u l a r a l ga Chlamydomonas reinhardtii CW15+. 


FIGURE 5 . 3 . 
Transmission e l e c t r o n micrograph of a c o n t r o l sample 
the u n i c e l l u l a r a l g a Chlamydomonas r e i n h a r d t i i CW15+. 
1.52 



FIGURE 5.4. 
(a) Chlamydomonas r e i n h a r d t i i 32C. T h i s ^ 'wild-type' 
organism i s enclosed by a c e l l w a l l but i s otherwise 
i d e n t i c a l to the mutant form CW15+. 
Scale bar = 2um. 
U l t r a s t r u c t u r a l . d e t a i l of a CW15+ c e l l i s shown (b-d) 
(b) Crpss s e c t i o n of a f l a g e l l u m . 
Scale bar - 0, lium 
(c) Gross s e c t i o n of a f l a g e l l a r base. 
Scale bar = 0, Ijum 
(d) Coated v e s i c l e s at the plasma membrane, C<S«'''*0^2'^  
Scale bar = 0, Ijum 
(e) G o l g i apparatus. 
Scale bar = 0. 5jum 
(f) ' Thylakoid membranes, of c h l o r o p l a s t . 
Scale bar = 0. 2jum 
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I 
FIGURE 5 . 5 . 
(a) C e l l from 3 day c u l t u r e . 
Scale bar = Ijum 
(b) Dark-grown c e l l . 
Scale bar = 2jum 
(c) Eyespot. 
Scale bar = 0 . 2jLim 
(d) C e l l s e c t i o n i n c l u d i n g eyespot. 
Scale bar = 2^m 
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T.S. show a 9+2 arrangement of microtubules ( f i g u r e 
5.4.b.)« Beneath the b a s a l body the microtubule doublets 
convert i n t o t r i p l e t s ( f i g u r e 5.4,c.)' Each c e l l i s 
approximately 7jum i n diameter. F l a g e l l a are approximately 
7um i n leng t h and 0.2AJm i n diameter. The plasma membrane 
surface i s seen by SEM to be indented, w i t h an ^orange 
p e e l ' t e x t u r e . The i n t e r n a l o r g a n i s a t i o n of or g a n e l l e s i s 
revealed by TEM. Adjacent to the f l a g e l l a bases are two or 
more c o n t r a c t i l e vacuoles ( f i g u r e 5.4.a.) which p u l s a t e 
a l t e r n a t e l y i n l i v i n g c e l l s , s l o w l y e n l a r g i n g and then 
suddenly d i s c h a r g i n g t h e i r contents i n t o the e x t e r n a l 
medium (Pickett-Heaps, 1975). The c o n t r a c t i l e vacuoles a ct 
to remove water from the c e l l which enters by osmosis from 
the low o s m o l a l i t y e x t r a c e l l u l a r medium. This a c t i o n can 
be seen q u i t e c l e a r l y by d i f f e r e n t i a l i n t e r f e r e n c e 
c o n t r a s t microscopy (chapter 6). The c e l l s of C. 
reinhardtii do not possess a l a r g e c e n t r a l vacuole; there 
are g e n e r a l l y one to three small vacuoles, 2-3/am i n 
diameter, evident i n each l o n g i t u d i n a l s e c t i o n . 
There are u s u a l l y two g o l g i bodies per c e l l 
(Pickett-Heaps, 1975), adjacent to the nucleus ( f i g u r e s 
5.3.). Large v e s i c l e s are f r e q u e n t l y a s s o c i a t e d with the 
faces of the g o l g i dictyosomes ( f i g u r e 5.4.e.). These 
resemble the ER with a swollen lumen which i s reported to 
be a s s o c i a t e d w i t h the g o l g i apparatus i n . C h l o r e l l a 
saccharophila (Tischner et al. , 1987) but the v e s i c u l a r 
membrane system seen i n Chlamydomonas i s not continuous 
with the nuclear envelope. Both . smooth and coated 
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v e s i c l e s can surround the g o l g i apparatus. Coated v e s i c l e s 
are a l s o observed c l o s e t o , and i n a s s o c i a t i o n w i t h , the 
plasma membrane ( f i g u r e 5.4.d.), where they form coated 
p i t s . • B o t h smooth and rough endoplasmic r e t i c u l u m may be 
present i n the c e l l . 
There are g e n e r a l l y one or more branched m i t o c h o n d r i a l 
networks, winding about the c e l l , u s u a l l y e x t e r n a l to the 
c h l o r o p l a s t , as i d e n t i f i e d by s e r i a l s e c t i o n i n g and model 
r e c o n s t r u c t i o n (Grobe & Arnold, 1975, see a l s o 
fluorescence microscopy, chapter 6 ) . There are always 
m i t o c h o n d r i a l elements s i t e d near the f l a g e l l a r bases 
( f i g u r e s 5.3., 5.5 .id;, ) . 
A l a r g e cup-shaped c h l o r o p l a s t ( f i g u r e 5.3.), 
c o n t a i n i n g p a r a l l e l t h y l a k o i d l a m e l l a e ( f i g u r e 5.4.f.) 
f i l l s approximately 40% of the c e l l volume (Pickett-Heaps, 
1975) and i s p o s i t i o n e d at the p o s t e r i o r end. This 
contains one l a r g e , conspicuous pyrenoid which i s thought 
to contain c o n s i d e r a b l e q u a n t i t i e s of p r o t e i n and i s of t e n 
surrounded by p l a t e l e t s of s t a r c h . I t i s penetrated oh a l l 
s i d e s by t h y l a k o i d l a m e l l a e , which terminate before 
reaching the centre. The f u n c t i o n of the pyrenoids remains 
r a t h e r obscure. Starch g r a i n s may a l s o be found between 
the t h y l a k o i d lamellae and are p a r t i c u l a r l y abundant at 
the beginning of the growth p e r i o d when carbohydrates are 
i n p l e n t i f u l supply from the medium ( f i g u r e 5.5.a.). 
In dark-grown CW15+ c e l l s , as used i n some 
fluorescence s t u d i e s (chapter 6), few t h y l a k o i d l a m e l l a e 
are formed; these are densely s t a i n e d ( f i g u r e 5.5.b.). 
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The eyespot, or stigma, c o n s i s t s of a number of 
o s m i o p h i l i c globules c o n t a i n i n g orange or red ca r o t e n o i d 
pigment. They are u s u a l l y hexagonally packed i n s e v e r a l 
l a y e r s { f i g u r e 5.5.c & d.). The stigma i s s i t u a t e d at one 
si d e of the c e l l , occupying p a r t of the edge of the' 
c h l o r o p l a s t which here tends to be c l o s e l y pressed up 
against the plasma membrane. 
The f u n c t i o n of the eyespot has been presumed to be 
the p e r c e p t i o n of l i g h t s t i m u l i but there i s u n c e r t a i n t y 
about t h i s . 
5.4. F r e e z i n g i n j u r y i n v e s t i g a t e d u s i n g standard chemical 
f i x a t i o n . 
Standard chemical f i x a t i o n , according to appendix 2, 
schedule 4, was used to preserve specimens f o r TEM and 
SEM. C o n t r o l samples and freeze-thawed samples were f i x e d 
i n t h i s way. Fr e e z i n g p r o t o c o l s used were: 
(a) l o C min-1 to -5oC - to examine c e l l s i n the 
shrunken c o n d i t i o n , w i t h membrane e x t r u s i o n s ; 
t h i s i s the c o n d i t i o n e x i s t i n g p r i o r to blebbing 
on rewarming. 
(b) l ^ C min-1 to - IQoC - to examine c e l l s i n the 
shrunken c o n d i t i o n , w i t h membrane e x t r u s i o n s ; . 
t h i s f r e e z i n g p r o t o c o l i s too severe f o r i n j u r y 
to be manifest as blebbing so shrinkage would 
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be f o l l o w e d by l y s i s on r e h y d r a t i o n . 
(c) lO^C m i n - t o -10° C - to preserve signs of 
i n t r a c e l l u l a r i c e damage.. 
Cooling p r o t o c o l s to be t e s t e d without f r e e z i n g were: 
(d) IOC min - i to - 5 o C , to t e s t the e f f e c t of low 
temperature per se, 
(e) Rapid c o o l i n g ( i e . 0.1ml of concentrated c e l l 
c u l t u r e i n j e c t e d i n t o 9.9ml c u l t u r e medium 
at - 5 o C ) , without f r e e z i n g , to i n v e s t i g a t e 
u l t r a s t r u c t u r a l changes a s s o c i a t e d with c o l d 
shock. 
5.4.1. R e s u l t s 
a) l oC rain-i to - 5 o C . F i x e d at 3oC and at 20° C. 
Figure 5 . 6 .a. shows a low m a g n i f i c a t i o n view of many 
c e l l s f i x e d at 3oC, during the thawing process. Most are 
j u s t i d e n t i f i a b l e as membranous masses. Some remain 
shrunken and . densely s t a i n e d , r e t a i n i n g i c e 
packing-enforced angular o u t l i n e s (eg. f i g u r e 5 . 6.b.). 
These may have been p o t e n t i a l s u r v i v o r s before f i x a t i o n 
took p l a c e . Figure 5 .6.c. shows a p o r t i o n of a c e l l which 
has undergone reexpansion. This c e l l remains angular i n 
shape and e x h i b i t s e x t r u s i o n s of the plasma membrane. The 
p o s i t i o n of these e x t r u s i o n s i n r e l a t i o n to the f l a t t e n e d 
areas of plasma membrane suggests t h a t they would have 
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FIGURE 5 . 6 . 
Transmission e l e c t r o n micrographs of c e l l s cooled at 1°C 
rain-i to -5°C i n the presence of e x t r a c e l l u l a r i c e . F i x e d 
f o l l o w i n g thawing. 
(a) Some c e l l s remain shrunken and d i s t o r t e d (arrows) 
whereas others have swollen and ruptured (double ai^rows) . 
Scale bar = lOyum 
(b) Shrunken c e l l . 
Scale bar =: Ijum 
(c) P a r t i a l l y re-expanded c e l l , showing evidence of 
u l t r a s t r u c t u r a l damage. The c h l o r o p l a s t envelope i s 
incomplete (eg. arrow). Gaps are evident i n the cytoplasm 
(X). 
Scale bar = ljum 
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extended between adjacent i c e c r y s t a l s as i c e c r y s t a l 
growth and c e l l shrinkage took p l a c e . The c h l o r o p l a s t 
envelope i s no longer i n t a c t . A number of coated v e s i c l e s 
are present i n the cytoplasm, between the c h l o r o p l a s t and 
the plasma membrane. These v e s i c l e s may form a. 
p h y s i o l o g i c a l pathway f o r the movement of macromolecules 
or membrane components i n t o , or out from, the c e l l 
(Anderson et al , 1977). 
During rewarming, as c e l l s begin to s w e l l , a c l o s e 
r e l a t i o n s h i p may be seen between the plasma membrane and 
org a n e l l e membrane. In f i g u r e 5.7.a. there are areas of 
f u s i o n between the envelope of adjacent lobes of the 
c h l o r o p l a s t , and a l s o between the c h l o r o p l a s t envelope and 
the plasma membrane (seen at higher m a g n i f i c a t i o n i n 
f i g u r e 5.7.b.).The outer m i t o c h o n d r i a l membrane may a l s o 
fuse with the c h l o r o p l a s t envelope ( 5 . 7 . C . ) . In f i g u r e 
5.7.d. the m i t o c h o n d r i a l outer membrane i s continuous with 
the plasma membrane. This may i n d i c a t e t h a t the membrane 
in v o l v e d i n blebbing o r i g i n a t e s i n one or both of these 
o r g a n e l l e s . Between p o i n t s of f u s i o n of the c h l o r o p l a s t 
envelope' and the plasma membrane ( f i g u r e 5.8.a.),the 
c h i o r o p l a s t surface may be exposed to the e x t r a c e l l u l a r 
environment. D e s t a b i l i s a t i o n of the c h l o r o p l a s t envelope 
may be evident as f u s i o n w i t h adjacent membranes or as 
v e s i c u l a t i o n ( f i g u r e 5.8.b.). 
The c o n d i t i o n of the c e l l i n f i g u r e 5.8.c. may 
represent an e a r l y stage of s w e l l i n g , as the plasma 
membrane, c h l o r o p l a s t envelope and mitochondrion appear 
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FIGURE 5.7. 
Transmission e l e c t r o n micro^graphs of c e l l s cooled at 1°C 
min-1 to -50C i n the presence of e x t r a c e l l u l a r i c e . F i x e d 
f o l l o w i n g thawing. 
(a) Swollen c e l l . R e g i o n s of membrane f u s i o n are marked 
(arrows). The c h l o r o p l a s t envelope i s incomplete. 
Scale bar = 1pm 
(b) Region of f u s i o n between the c h l o r o p l a s t envelope and 
the plasma membrane. 
Scale bar = 0.1pm 
(c) Fusion i s evident between the c h l o r o p l a s t envelope 
and the outer m i t o c h o n d r i a l membrane. 
Scale bar = 0. 5/am 
(d) M i t o c h o n d r i a l outer membrane i s continuous with the 
plasma membrane. 
Scale bar =ljum 
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FIGURE 5.8. 
Transmission e l e c t r o n micrographs of c e l l s cooled at 1°C 
min-1 to -5"C i n the presence of e x t r a c e l l u l a r i c e , and 
f i x e d f o l l o w i n g thawing. 
(a) C h l o r o p l a s t envelope exposed to the e x t r a c e l l u l a r 
environment. 
Scale bar =ljum 
(b) V e s i c u l a t i o n of the c h l o r o p l a s t envelope. 
Scale ^ bar = 0 . 2jum 
(c) Swollen c e l l . The c h l o r o p l a s t envelope appears 
i n t a c t . 
Scale bar = 2jum 
(d) Swollen c e l l . Cytoplasm i s sparse and c h l o r o p l a s t 
envelope i s no longer i n t a c t . 
Scale bar = 2jum 
(e) Ruptured c e l l . Plasma membrane i s no longer i n t a c t . 
Mitochondria and c h l o r o p l a s t are ruptured. 
Scale bar = 2jum. 
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•intact but the t h y l a k o i d s are no longer densely s t a i n e d 
and l a r g e vacuoles are present i n the cytoplasm. 
The c e l l i n f i g u r e 5.8.d.. i s s t i l l bounded by a 
plasma membrane but appears empty. The only r e c o g n i s a b l e 
i n t r a c e l l u l a r o r g a n e l l e Is the c h l o r o p l a s t , which i t s e l f 
appears swollen and has no ' i n t a c t c h l o r o p l a s t envelope. 
Even the proteinaceous matrix of the pyrenoid i s ' m i s s i n g . 
The membrane v e s i c l e s w i t h i n the c e l l have presumably been 
formed by the breakdown of o r g a n e l l e s . Figure 5.8.e. shows 
a c e l l w i t h a ruptured plasma membrane and swollen 
c h l o r o p l a s t . Mitochondria are not always l o s t and can be 
i d e n t i f i e d i n t h i s micrograph. I n t e r e s t i n g l y , of the two 
cross s e c t i o n s of f l a g e l l a seen i n t h i s micrograph, one 
has l o s t i t s membrane completely and the other has a 
'baggy' membrane,indicating t h a t s w e l l i n g of the f l a g e l l u m 
has taken p l a c e . 
Some abnormal forms of f l a g e l l a have been seen i n 
s e c t i o n . Figure 5.9.a. shows f l a g e l l a r microtubules i n an 
odd arrangement and unusual, p o s i t i o n w i t h i n the cytoplasm, 
between the c h l o r o p l a s t and the plasma membrane. Figure 
5.9,b. shows a d e v i a t i o n from the usual arrangement of 
microtubules, the outer doublets c o n t a i n i n g microtubules 
which are e i t h e r incomplete or d i v i d e d down the cen t r e . 
Cryo l i g h t microscopy has shown t h a t membrane 
p r o j e c t i o n s which form during f r e e z i n g are not always 
completely r e i n c o r p o r a t e d by the c e l l during thawing, and 
c e l l s may become m o t i l e w h i l e s t i l l very d i s t o r t e d . 
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FIGURE 5.9. 
Transmission e l e c t r o n micrographs of c e l l s cooled at 1°C 
min to -5oC i n the presence of e x t r a c e l l u l a r i c e , and 
f i x e d f o l l o w i n g thawing. 
(a) F l a g e l l a r microtubules between the c h l o r o p l a s t and 
the plasma membrane. 
Scale bar = 0. 2|um 
(b) Cross s e c t i o n of f l a g e l l u m . Microtubules have 
a d d i t i o n a l .subunits p r o j e c t i n g i n t o the ce n t r e , or 
missing subunits making the microtubule cross s e c t i o n 
incomplete. 
Scale bar = O.OSjum 
Figures { c ) - ( f ) show membrane-bound cytoplasmic 
e x t r u s i o n s c o n t a i n i n g cytoplasm (c&d), endoplasmic 
r e t i c u l u m (e) and m i t o c h o n d r i a l s e c t i o n s ( f ) . 
Scale bars (c&e) = d.5pm, (d&f) = 2pm 
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Figures 5.9.c. and 5.9.d. show membrane bound e x t r u s i o n s , 
c o n t a i n i n g cytoplasm, extending from c e l l s f i x e d at room 
temperature. In f i g u r e 5.9.e. an e x t r u s i o n contains 
strands of endoplasmic r e t i c u l u m , whereas the e x t r u s i o n i n 
f i g u r e 5.9.f. contains two densely s t a i n i n g m i t o c h o n d r i a l 
s e c t i o n s . Membrane e x t r u s i o n s have not been observed to 
co n t a i n l i p i d s t o r e s , as reported i n dehydrated higher 
p l a n t p r o t o p l a s t s (Steponkus et al., 1983). 
A number of c e l l s appear undamaged at room 
temperature, as v i a b i l i t y t e s t s (chapter 3) and cryo l i g h t 
microscopy r e s u l t s (chapter 4) would l e a d one to expect. 
Tests of c e l l s cooled i n a bulk (0.5 ml) sample 
demonstrated a v i a b i l i t y of 77% of a c o n t r o l value 
f o l l o w i n g t h i s f r e e z i n g treatment (chapter 3 ) . 
Scanning e l e c t r o n microscopy r e v e a l s a s i m i l a r l y 
v a r i e d p o p u l a t i o n ( f i g u r e 5.10.a . ) i The surface of 
ruptured c e l l s i s composed of fragmented membrane, Covered 
i n masses of v e s i c l e s . I t i s common to see c i r c u l a r 
l e s i o n s i n the surface membrane ( f i g u r e s 5 . 1 0 . C . , 
5.10.d.). Some c e l l s remain d i s t o r t e d at room temperature, 
and may e x h i b i t s h o r t , rounded membrane e x t r u s i o n s ( f i g u r e 
5.10.d.). 
A. massively swollen c e l l shown i n f i g u r e 5.9.b. has 
f i s s u r e s i n the suivrounding membrane and i s angular i n 
o u t l i n e . 
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FIGURE 5.10. 
Scanning e l e c t r o n micrographs of c e l l s cooled at loC miri-^ 
to -50C i n the presence of e x t r a c e l l u l a r i c e , and f i x e d 
f o l l o w i n g thawing. 
(a) Damage to the plasma membrane i s evident i n some 
swollen c e l l s . 
Scale bar = lOjum 
(b) Swollen c e l l . F i s s u r e s are evident i n the plasma 
membrane (arrows). • 
Scale bar = 5jum 
(c) Ruptured c e l l . C i r c u l a r l e s i o n s are evident i n the 
plasma membrane, as shown w i t h i n arrows. 
Scale bar = 5)um 
(d) C i r c u l a r l e s i o n s are evident i n the plasma membrane of 
a ruptured c e l l , as shown w i t h i n s o l i d arrows. Shrunken 
c e l l e x h i b i t s membrane e x t r u s i o n s (open arrows). 
Scale bar = 3)am 
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b) l ^ C rain-i to - l O o C . F i x e d at 3° C and at 20° C . 
At 20°C some c e l l s remain i n c l o s e packed u n i t s , 
suggesting t h a t l e t h a l i n j u r y took place at low 
temperature and l i t t l e change was brought about by thawing 
(5.11.a,). This i m p l i e s t h a t these c e l l s and the major 
compartments w i t h i n the c e l l s ( i e . the c h l o r o p l a s t and 
mitochondrion) lacked osmotic responsiveness. 
Ruptured c e l l s f i x e d at 3 ° C e x h i b i t c i r c u l a r l e s i o n s 
( f i g u r e s 5.11.b & c ) , as witnessed i n the previous 
sample. O b l i q u e l y o r i e n t a t e d creases i n the plasma 
membrane and numerous membrane v e s i c l e s form an e q u a t o r i a l 
r i n g around the ruptured c e l l . 
TEM r e v e a l s a f a i r l y high p r o p o r t i o n of apparently 
normal c e l l s . Tests of bulk samples (chapter 3) 
demonstrated a v i a b i l i t y of 5 7 % of a c o n t r o l value 
f o l l o w i n g t h i s f r e e z i n g treatment. 
A massively swollen c e l l i s presented i n f i g u r e 5.12. 
I f t h i s accepted as a s e c t i o n through a swollen c e l l , i t 
can be observed t h a t the c h l o r o p l a s t envelope i s missing 
and t h a t o r g a n e l l e s other than the chlor.oplast have been 
broken down i n t o membrane v e s i c l e s w i t h i n the granular 
matrix of the cytoplasm. However, the outer membrane i s 
continuous with the t h y l a k o i d membrane system, l e a d i n g one 
to suppose t h a t t h i s might be a s e c t i o n through a swollen 
c h l o r o p l a s t and that the remainder of the c e l l has not 
been i n c l u d e d . 
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FIGURE 5.11. 
Scanning e l e c t r o n micrograph of c e l l s cooled at 1°C min-^ 
to -10°C, and f i x e d f o l l o w i n g thawing. 
(a) Packed c e l l s remain i n a m u l t i c e l l u l a r u n i t . 
Scale bar = 5]um 
(b&c) Ruptured c e l l s e x h i b i t l e s i o n s of the plasma 
membrane. 
Scale bars = 5jum 
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FIGURE 5.12. 
Transmission e l e c t r o n micrograph of a c e l l cooled at l^C 
min-i to -IQoC i n the presence of e x t r a c e l l u l a r i c e , and 
f i x e d f o l l o w i n g thawing. 
Scale bar = 4jum 
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c) 100 C min - i to - l O o c . F i x e d at 20oc. 
At 2 0 o C e l e c t r o n microscopy r e v e a l s a mixed p o p u l a t i o n 
of i n t a c t and ruptured c e l l s ( f i g u r e 5.13. )• From 
v i a b i l i t y t e s t s of bulk samples (chapter 3), v i a b i l i t y 
might be expected to be 2 8 % of a c o n t r o l value f o l l o w i n g 
t h i s f r e e z i n g treatment. Ruptured c e l l s a.re much l a r g e r 
than i n t a c t ' s u r v i v o r s ' . This i n c r e a s e i n volume can be 
accounted f o r by s w e l l i n g of the c h l o r o p l a s t and 
mitochondrion, as demonstrated by t r a n s m i s s i o n e l e c t r o n 
microscopy ( f i g u r e 5.13.b.). V e s i c u l a t i o n at the c e l l 
surface i s . seen i n SEM ( f i g u r e 5 .14.a.) and TEM ( f i g u r e 
5.14.b.) and i s l i k e l y to a r i s e from i n j u r y to the plasma 
membrane, mitochondrion and endoplasmic r e t i c u l u m , as 
these are s i t u a t e d outside the c h l o r o p l a s t . In more severe 
cases the c h l o r o p l a s t envelope and t h y l a k o i d s may have 
v e s i c u l a t e d . The c h l o r o p l a s t i s - the l a s t o r g a n e l l e to 
remain i d e n t i f i a b l e , but the severe d i s r u p t i o n " of the 
t h y l a k o i d s and v e s i c u l a t i o n of the c h l o r o p l a s t envelope 
i n d i c a t e s considerable damage ( f i g u r e 5.14.d.). 
The f l a g e l l a may remain connected to the c e l l body 
w h i l s t s e r i o u s i n j u r y has been s u f f e r e d by the plasma 
membrane ( f i g u r e 5.14.'G. ). 
d) Slow c o o l i n g to - 5 o C w i t h o u t . f r e e z i n g . F i x e d at 2 0 o C , 
f o l l o w i n g rewarming. 
C e l l s show no v i s i b l e signs of i n j u r y ( f i g u r e 
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FIGURE 5.14. 
C e l l s cooled at 10°C min- i to -lO^C i n the presence of 
e x t r a c e l l u l a r i c e , and f i x e d f o l l o w i n g thawing. 
(a) Scanning e l e c t r o n micrograph shows v e s i c u l a t i o n at 
the c e l l s urface. 
Scale bar = 2|um 
(b) Transmission e l e c t r o n micrograph shows v e s i c u l a t i o n 
at the c e l l s u r f a c e . The c h l b r o p l a s t remains i n t a c t . 
Scale bar = 2jum 
(c) Scanning e l e c t r o n micrograph shows rupture of the 
c e l l surface. The f l a g e l l a remain i n t a c t and attached to 
the c e l l . 
Scale bar = 2pm 
(d) . Transmission e l e c t r o n micrograph shows rupture of the 
c h l o r o p l a s t envelope. 
Scale bar = 2pm 
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FIGURE 5.13. 
C e l l s cooled at IQoC min-i to -IQoC i n the presence of 
e x t r a c e l l u l a r i c e , and f i x e d f o l l o w i n g thawing. 
(a) Scanning e l e c t r o n micrograph. V e s i c u l a t i o n i s evident 
at the surface of damaged c e l l s . 
S cale bar =10Mm 
(b) Transmission e l e c t r o n 
v e s i c u l a t i o n , as seen i n (a) i s 
i n t r a c e l l u l a r d i s r u p t i o n . 
Scale bar = lOjum 
micrograph. Surface 
a s s o c i a t e d w i t h severe. 
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FIGURE 5.15. 
C e l l s cooled to -5"C i r i the absence of e x t r a c e l l u l a r i c e , 
and f i x e d f o l l o w i n g rewarming to 20°C. 
(a) Slowly cooled c e l l . No damage i s evident. 
Scale bar = Ipm 
(b) R a p i d l y cooled c e l l . Mitochondria appear swollen. 
Scale bar = Ijum 
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5 .15.a.). There i s no evidence of volume change or 
d i s t o r t i o n of any o r g a n e l l e s . Membranes appear i n t a c t . 
e) Rapid c o o l i n g to -5oC without f r e e z i n g . F i x e d at 2 0 ° C , 
f o l l o w i n g rewarming. 
Mitochondria are f r e q u e n t l y swollen i n comparison w i t h 
c o n t r o l c e l l s ( f i g u r e 5.15.b.). Other o r g a n e l l e s appear 
undamaged. 
5 . 4 . 2 . Summary 
Slow c o o l i n g i n the absence of i c e has no apparent 
i l l - e f f e c t s , but r a p i d l y cooled c e l l s e x h i b i t swollen 
mitochondria on rewarming. In fr o z e n samples i n j u r y i s 
more obvious as membranes rupture or v e s i c u l a t e . 
A common s i t e of i n j u r y i n CW15+ c e l l s subjected to 
dehydration as a r e s u l t of e x t r a c e l l u l a r f r e e z i n g i s at 
the c h l o r p p l a s t envelope, which i s seen i n TEM s e c t i o n s to 
break or v e s i c u l a t e during c e l l s w e l l i n g , even i f the 
plasma membrane remains apparently i n t a c t ( f i g u r e s 5 . 7 v a . , 
5 . 8.d.). F o l l o w i n g more r a p i d c o o l i n g treatments, which 
are l i k e l y to r e s u l t i n i n t r a c e l l u l a r i c e formation, the 
plasma membrane may rupture f i r s t , r e v e a l i n g an i n t a c t 
c h l o r o p l a s t ( f i g u r e 5 .14.b.). 
I t has proved d i f f i c u l t to preserve swollen c e l l s (as 
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i d e n t i f i e d by l i g h t microscopy during thawing) f o r EM 
examination. I t seems th a t t h i s method of specimen 
p r e p a r a t i o n . i s too harsh t o keep the l a r g e membrane-bound 
blebs i n t a c t . Rupture of the surrounding membrane r e v e a l s 
a mass •of v e s i c l e s which may have been o r g a n e l l a r i n 
o r i g i n and released'from w i t h i n the c e l l or may themselves 
be remnants of th a t ruptured membrane. 
LM observations have re v e a l e d t h a t blebbing i s a 
t r a n s i e n t c o n d i t i o n , l e a d i n g to l y s i s . The surrounding 
membrane of swollen c e l l s w i l l d i f f e r i n composition and 
p h y s i o l o g i c a l p r o p e r t i e s from the n a t u r a l plasma membrane, 
and w i l l l a c k a complete s t a b i l i s i n g i n f l u e n c e from the 
cy t o s k e l e t o n . Thus the surrounding membrane may be 
a f f e c t e d by a range of p h y s i c a l s t r e s s e s at the moment of 
f i x a t i o n . The chemical e f f e c t s of f i x a t i o n and dehydration 
together with the p h y s i c a l e f f e c t s of c e n t r i f u g a t i o n may 
have caused the rupture. The angular o u t l i n e i s not 
present i n LM images, i m p l y i n g . t h a t morphological changes 
have occurred during f i x a t i o n , probably due to compression 
w i t h i n the c e n t r i f u g a l p e l l e t . 
Fusion has taken place between s e c t i o n s of the plasma 
membrane and o r g a n e l l a r membrane of the c h l o r o p l a s t and 
mitochondrion, f o l l o w i n g f r e e z i n g and thawing using slow 
c o o l i n g r a t e s . This may enable o r g a n e l l a r membrane to take 
p a r t i n the s w e l l i n g response. 
Membrane e x t r u s i o n s which are s t i l l evident on thawing 
c l e a r l y do not c o n t a i n l i p i d r e s e r v o i r s but have been 
shown to c o n t a i n cytoplasm and may i n c l u d e endoplasmic 
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r e t i c u l u m or s e c t i o n s of mitochondrion. These e x t r u s i o n s 
probably r e s u l t from e x t r a c e l l u l a r i c e c r y s t a l growth-
f o r c i n g c e l l s i n t o i r r e g u l a r shapes as the channels of 
unfrozen s o l u t i o n become narrower than the diameter of the 
s h r i n k i n g c e l l s . 
5.5. F r e e z i n g i n j u r y i n v e s t i g a t e d using i s o t h e r m a l 
f r e e z e - f i x a t i o n 
In order to examine c e l l u l t r a s t r u c t u r e at r e l a t i v e l y 
high sub-zero temperatures and i n the f r o z e n s t a t e , 
v a r i o u s techniques i n v o l v i n g u l t r a r a p i d f r e e z i n g as a 
method of f i x a t i o n c o u l d be employed ( i e . 
f r e e z e - s u b s t i t u t i o n , f r e e z e - f r a c t u r e , f r e e z e - d r y i n g ) . 
However, these methods would i n v o l v e a d d i t i o n a l f r e e z i n g 
t a k i n g place. This c o u l d cause confusion i n the a n a l y s i s 
of r e s u l t s i n a study which aims to c a t e g o r i s e f r e e z i n g 
r e l a t e d i n j u r i e s . 
A method of c h e m i c a l l y f i x i n g c e l l samples at a 
constant temperature w h i l s t i n the f r o z e n s t a t e was f i r s t 
used by MacKenzie et al. (1975). This method (described i n 
chapter 2) has been employed to preserve c e l l 
u l t r a s t r u c t u r e at the minimum temperature of the 
freeze-thaw cycle.. F o l l o w i n g chemical f i x a t i o n at the 
minimum temperature the sample i s allowed to warm up and 
can be dehydrated and embedded i n r e s i n f o r s e c t i o n i n g and 
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FIGURE 5 . 1 6 . 
C e l l s cooled at l o C min-1 to - 5 ° C , and f i x e d 
i s othermal f r e e z e - f i x a t i o n at - 5 o C . 
Scale bar = 1 pm 
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FIGURE 5.17. 
and-Tixed 
C e l l s cooled at l^C min-1 to - 5 o C ^ by isothermal 
freeze,-f i x a t i o n i 
(a) Folds of plasma membrane at the c e l l surface 
(arrows). 
Scale bar = 0. 5jum 
(b) Layered stacks of membrane at^ (open arrow)) and 
beneath ( s o l i d arrow) the c e l l s u r f a c e . Densely s t a i n e d 
bodies a l s o have a l a y e r e d s t r u c t u r e (*). 
Scale bar = 0. 2jum 
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examination i n the TEM or dehydrated then c r i t i c a l p o i n t 
d r i e d f o r examination i n the SEM. 
Fre e z i n g p r o t o c o l s were as d e s c r i b e d i n s e c t i o n 5.4. 
Unfrozen samples were f i x e d using precooled standard 
chemical f i x a t i v e w ith no added s a l t s . 
5.5.1. R e s u l t s 
a) 1° C min-i to -5o C. 
By t r a n s m i s s i o n e l e c t r o n microscopy, f o l l o w i n g 
i s o t h e r m a l f r e e z e - f i x a t i o n , most c e l l s are shrunken and 
densely s t a i n e d , o f t e n remaining compressed i n 
m u l t i c e l l u l a r b l ocks ( f i g u r e 5.16.). Often i t i s d i f f i c u l t 
to d i s t i n g u i s h the boundaries between them. In some 
regions of the c e l l s u r f a c e the plasma membrane forms 
f o l d s , c o n t a i n i n g cytoplasm, and l y i n g a longside the c e l l 
body ( f i g u r e 5.17.a.) r a t h e r than extending outwards from 
the c e l l , as membrane e x t r u s i o n s were seen to do by cryo 
l i g h t microscopy. 
In a d d i t i o n to these f o l d i n g s of membrane, which 
c o n t a i n cytoplasm, areas of the plasma membrane are seen 
i n t h i n s e c t i o n to be composed of s e v e r a l l a y e r s which may 
be continuous with the c h l o r o p l a s t ( f i g u r e 5.17.b.). The 
s m a l l , densely s t a i n e d , round bodies seen i n f i g u r e 
5.17.5. may be s t o r e s of l i p i d i n l a y e r e d form. 
Ex t r u s i o n s of the plasma membrane, c o n t a i n i n g 
cytoplasm, may f o l d around neighbouring c e l l s as shown i n 
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f i g u r e 5.18.a., and as seen p r e v i o u s l y by cryo-LM ( f i g u r e 
4 . 7 . ) . ' 
This technique has not f i x e d a l l the c e l l s i n the 
shrunken c o n d i t i o n . Figure 5.18.b. shows a group of c e l l s 
w i th apparently swollen contents. V e s i c u l a t i o n of 
o r g a n e l l e s i s evident, and both mitochondria and 
t h y l a k o i d s are swollen. U n f o r t u n a t e l y one cannot be 
c e r t a i n t h a t these are the d i r e c t r e s u l t s of the f r e e z i n g 
treatment and not a response to the slow and p o s s i b l y 
i n e f f i c i e n t f i x a t i o n process. 
I t i s i n t e r e s t i n g to examine the plasma, membrane i n 
t h i s f i g u r e , which appears to be continuous around s e v e r a l 
c e l l s . C e l l s can s t i l l be d i s t i n g u i s h e d as separate 
e n t i t i e s where r e l a t i v e l y i n t a c t c h l o r o p l a s t s haye been 
sect i o n e d l o n g i t u d i n a l l y . I f the plasma membranes of 
adjacent c e l l s do fuse during shrinkage, i t i s h a r d l y 
s u r p r i s i n g that separate c e l l s w i t h i n dense c l u s t e r s 
become i n d i s t i n g u i s h a b l e by examination i n the 
t r a n s m i s s i o n or scanning e l e c t r o n microscope (see f i g u r e s 
5.16., 5.19.a.). This would put great s t r e s s on the plasma 
membrane system during subsequent reexpansion, making 
l y s i s i n e v i t a b l e . 
Scanning e l e c t r o n micrographs show densely packed 
c l u s t e r s of d i s t o r t e d c e l l s ( f i g u r e 5.19.a.). Spaces 
between c e l l s as r e vealed i n f i g u r e 5.19.b. may be caused 
by i c e c r y s t a l s but the presence of surface v e s i c l e s 
suggests th a t the plasma membranes of these c e l l s have 
ruptured, maybe forming v e s i c l e s themselves or r e v e a l i n g 
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FIGURE 5 . 1 8 . 
C e l l s cooled at l^C min-^' to - 5 o C , and f i x e d at -5°C by 
isothermal f r e e z e - f i x a t i o n . 
(a) E x t r u s i o n s of plasma membrane, f o l d i n g round an 
adjacent c e l l (arrows). 
Scale bar = ljum . • 
(b) The plasma membrane of adjacent c e l l s appears to be 
continuous (arrows). 
Scale bar =•5pm 
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FIGURE 5 .19 . 
C e l l s cooled at l oC min-1 to - 5 o C , and f i x e d at - 5oC by 
isothermal f r e e z e - f i x a t i o n . 
(a) C e l l s packed i n t o a m u l t i c e l l u l a r u n i t . 
Scale bar = 2pm 
(b) M u l t i c e l l u l a r u n i t e x h i b i t i n g surface l e s i o n s . 
Scale bar = 3pm 
(c) Shrunken c e l l s w ith w r i n k l e d plasma membranes. 
Scale bar = 3pm 
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v e s i c u l a t e d o r g a n e l l e s w i t h i n . The forms which .these 
c l u s t e r s of c e l l s take suggest t h a t they were trapped i n 
s o l u t i o n channels between p l a t e s of i c e . I t i s known from 
cryo l i g h t microscopy that movement of gas bubbles along 
these channels during f r e e z i n g or thawing can cause gross 
d i s r u p t i o n . This i s a p o s s i b l e e x p l a n a t i o n f o r the damage 
seen i n f i g u r e 5.19.b., which i s unexpectedly severe, 
c o n s i d e r i n g the f r e e z i n g p r o t o c o l employed. 
Shrinkage can r e s u l t i n w r i n k l i n g and f o l d i n g of the 
plasma membrane ( f i g u r e 5 . 1 9 . C . ) . 
b) l o c min - i to -10°C. 
C l u s t e r s of exposed c e l l s c o n t a i n an a r r a y of 
d i f f e r e n t morphological types ( f i g u r e 5.20.a.). Some c e l l s 
have been compressed i n t o m u l t i c e l l u l a r u n i t s , some 
i n d i v i d u a l c e l l s appear shrunken and w r i n k l e d , others to 
have ruptured. A s t r i k i n g f e a t u r e of these specimens i s 
th a t many c e l l s are covered by a f i l m which obscures c e l l 
boundaries i n SEM and prevents observation of s u r f a c e 
d e t a i l ( f i g u r e 5.20.b., 5 . 2 0 . C . ) . 
Shrunken c e l l s examined i n the TEM may e x h i b i t 
seemingly empty s l i t s , p a r a l l e l to the plasma membrane, as 
shown i n f i g u r e 5.21. a. & b.. A s i m i l a r phenomenon has been 
observed p r e v i o u s l y i n C reinhardtii by Leeson (personal 
communication) who i n t e r p r e t e d t h e i r presence as a 
f r e e z i n g - i n d u c e d t r a n s f o r m a t i o n of the mitochondrion. 
However, i n t h i s c e l l a p o r t i o n of the mitochondrion i s 
observed between the * s l i t ' and the plasma membrane. 
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FIGURE 5.20. 
C e l l s cooled at 1<»C min-1 to - I Q o C . and f i x e d at -10° C by 
isothermal f r e e z e - f i x a t i o n . 
(a) Within a mixed p o p u l a t i o n some c e l l s are packed i n t o 
m u l t i c e l l u l a r u n i t s , w i t h obscure c e l l boundaries. 
Scale bar = 10/um 
(b) & (c) C e l l s are covered by a f i l m which obscures 
surface d e t a i l . 
Scale bar (b) = 4|um, (c) = 10pm. 
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FIGURE 5.21. 
C e l l s cooled at l o C min- i to -10°C, and f i x e d at - IQoC by 
isothermal f r e e z e - f i x a t i o n . 
(a) Shrunken c e l l . Empty s l i t s are evident adjacent t o 
the mitochondrion and plasma membrane (arrows). 
Scale bar = ljum 
(b) Enlarged micrograph of the ' s l i t s ' seen i n ( a ) . 
Scale bar = Ijum 
(c) C r e n e l l a t i o n of the plasma membrane. 
Scale bar = 0.1pm 
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9 
C r e n e l l a t i o n s of the plasma membrane may be evident i n 
shrunken c e l l s ( f i g u r e 5.21.c.)« 
c) 10°C min - i to -lOoc. 
The b l a n k e t - l i k e f i l m seen over c e l l s cooled at 1»C 
min-1 to -lO^C i s absent from t h i s sample. 
Except f o r o c c a s i o n a l examples of c l o s e l y a s s o c i a t e d 
c e l l s i n compressed b l o c k s ( f i g u r e 5.22.a.), c e l l s seem to 
be more l o o s e l y a s s o c i a t e d w i t h each other. TEM shows c e l l 
p e l l e t s to have i n t e r c e l l u l a r spaces, maintained by the 
growth of i n t e r c e l l u l a r i c e c r y s t a l s ( f i g u r e 5.22.d.). 
Gaps i n the cytoplasm and the stroma of the 
C h l o r o p l a s t may be the r e s u l t of i n t r a c e l l u l a r i c e 
c r y s t a l s ( f i g u r e 5 . 2 2 . C . ) . There are f r e q u e n t l y numerous 
small membrane v e s i c l e s c l o s e to the plasma membrane 
( f i g u r e s 5.22.b., 5 . 2 2 . C . ) . The c h a r a c t e r i s t i c s c a l l o p e d 
edge to many of the c e l l s may be a r e s u l t of rupture of 
these v e s i c l e s at the c e l l surface or may be due to an 
i n t e r a c t i o n of the plasma membrane wit h the i c e c r y s t a l s 
present i n the i n t e r c e l l u l a r spaces (see a l s o s e c t i o n 
5.6. ) . 
d) Slow c o o l i n g to -5oC, without f r e e z i n g . F i x e d at -5°C. 
Slowly cooled c e l l s appear undamaged at -5°C. No 
shrinkage has occurred as a r e s u l t of c o o l i n g . Cytoplasm 
i s f i n e l y g r a n u l a r , as i n c o n t r o l samples, and o r g a n e l l e s 
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FIGURE 5.22. 
C e l l s cooled at lOoC min- i to -10°C, and f i x e d at -10°C by 
isothermal f r e e z e - f i x a t i o n . 
(a) C e l l s packed i n t o a m u l t i c e l l u l a r u n i t . 
Scale bar = 5|um 
(b) & (c) The plasma membrane takes a s c a l l o p e d form and 
membrane v e s i c l e s are- evident beneath the c e l l s u r f a c e . 
Scale bar (b) = 0.5pm, (c) = 3pm 
(d) I n t e r c e l l u l a r spaces may r e s u l t from the presence of 
i n t e r c e l l u l a r i c e c r y s t a l s . 
Scale bar = 3pm 
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r e t a i n i n t a c t membrane boundaries ( f i g u r e s 5.23.a., 
5 . 2 3 . b. ) . 
e) Rapid c o o l i n g to -5°C, without f r e e z i n g . F i x e d at -5°C. 
F o l l o w i n g r a p i d c o o l i n g without f r e e z i n g , c e l l s are 
s l i g h t l y shrunken, as evidenced by a narrower band of 
cytoplasm between the c h l o r o p l a s t and the plasma membrane, 
more indented plasma membrane and denser s t a i n i n g of the 
cytoplasm. Although t h i s i s a frequent observation i n 
r a p i d l y cooled c e l l s , t h i s morphology i s not unknown in, 
c o n t r o l samples. Mitochondria appear undamaged, as do 
other o r g a n e l l e s ( f i g u r e 5 . 2 3 . C . ) . 
5.5.2. Summary 
Shrunken c e l l s appear very dense i n TEM s e c t i o n s , 
which makes observation of c e l l contents very d i f f i c u l t . 
N evertheless, i t i s p o s s i b l e to d i s t i n g u i s h c e r t a i n 
u l t r a s t r u c t u r a l changes t a k i n g place at low temperatures. 
E x t r a c e l l u l a r f r e e z i n g causes shrinkage and c l o s e packing 
of c e l l s . Shrinkage i s o f t e n accompanied by l a y e r i n g of 
the plasma membrane and of u n i d e n t i f i e d membrane 
components st o r e d beneath the c e l l s u r f a c e . Membrane 
ex t r u s i o n s of the type observed by l i g h t microscopy are 
absent. As membrane stacks have not been observed 
f o l l o w i n g rewarming t h e i r formation i s probably a 
r e v e r s i b l e process. 
188 

FIGXJRE 5.23. 
C e l l s cooled to -5°C i n the absence of e x t r a c e l l u l a r i c e 
and f i x e d at ~5°C by standard chemical f i x a t i o n . 
(a) & (b) Slowly cooled c e l l s show no signs of i n j u r y . 
Scale bars (a) = ljum, (b) = l|um 
(c) R a p i d l y cooled c e l l appears s l i g h t l y shrunken but 
shows no s i g n of i n j u r y . 
Scale bar = ljum 
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Slow c o o l i n g to -10°C r e s u l t s i n the d e p o s i t i o n of a 
f i l m over the c e l l s , seen by TEM and SEM.. This e v i d e n t l y 
d i s p e r s e s during thawing as i t i s not seen i n samples 
f i x e d during rewarming. The o r i g i n of t h i s f i l m i s not 
known but i s a subject of d i s c u s s i o n i n s e c t i o n 5.9. 
Rapid c o o l i n g causes i n t r a c e l l u l a r i c e formation which 
d i s r u p t s cytoplasm and o r g a n e l l e contents. V e s i c u l a t i o n of 
the plasma membrane appears to r e s u l t from r a p i d c o o l i n g 
treatments. F o l l o w i n g r a p i d c o o l i n g without f r e e z i n g , 
i n d e n t a t i o n s are evident i n the plasma membrane. Although 
these are d i s t i n c t from the v e s i c l e s forming i n the 
presence of i c e a common f a c t o r could be i n v o l v e d . 
5 . 6 . F r e e z i n g i n j u r y i n v e s t i g a t e d using f r e e z e 
s u b s t i t u t i o n 
As isothermal f r e e z e f i x a t i o n takes place at the 
minimum temperature of the freeze-thaw p r o t o c o l , the 
technique thus subjects the c e l l sample to a f u r t h e r 24 
hours or more exposure to t h a t temperature ( a l b e i t i n a 
p a r t i a l l y f i x e d s t a t e ) . Hence c e l l damage may have 
progressed f u r t h e r during t h i s 'hold time' at low 
temperature. To av o i d t h i s problem, the technique of 
free z e s u b s t i t u t i o n was t e s t e d . Freeze s u b s t i t u t i o n 
f i x a t i o n i s a two-stage procedure by which samples 
f o l l o w i n g experimental treatment are i n i t i a l l y quench 
fr o z e n , to f i x the sample r a p i d l y , then placed i n a 
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s o l v e n t which i s capable of d i s s o l v i n g i c e at around 
-80°C. The s o l v e n t , c o n t a i n i n g a chemical f i x a t i v e , (see 
method, chapter 2), g r a d u a l l y replaces the i c e present i n 
the sample. Once c h e m i c a l l y f i x e d , the sample can be 
brought back to room temperature. 
0.5ml samples, such as those f i x e d by isothermal 
freeze f i x a t i o n , have been demonstrated to s u f f e r from 
thermal g r a d i e n t s of up to 10°C at a c o o l i n g r a t e of lO^C 
m i n - ( c h a p t e r 3). By using a s m a l l e r sample, of 0.3)ul 
volume, the temperature g r a d i e n t w i t h i n the sample i s 
reduced. Thus not only w i l l more r a p i d f i x a t i o n be 
p o s s i b l e but there w i l l be l e s s v a r i a t i o n i n the 
experimental f r e e z i n g treatment a p p l i e d throughout the 
sample, This should enable more p r e c i s e i d e n t i f i c a t i o n of 
the c h a r a c t e r i s t i c s of each form of i n j u r y . 
Samples to be f i x e d by chemical methods were t r e a t e d 
i n an i d e n t i c a l manner to samples used i n v i a b i l i t y t e s t s 
(chapter 3). F r e e z i n g p r o t o c o l s were chosen as 
r e p r e s e n t a t i v e of those which w i l l induce d i f f e r e n t forms 
of f r e e z i n g i n j u r y (as determined by l i g h t microscopy, 
chapter 4 ) . To emphasise the d i f f e r e n c e s more extreme 
f r e e z i n g p r o t o c o l s were used. 0.5°0 min- i was chosen as 
the slow c o o l i n g r a t e , to r e p l a c e l^C min-^. -4oC was 
chosen as the 'high' subzero temperature at which 
i n t r a c e l l u l a r i c e i s u n l i k e l y to form, r e p l a c i n g the 
p r e v i o u s l y used value of -5°C. 
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The f o l l o w i n g p r o t o c o l s were used: 
( 1 ) 0.50 c min - i to -40 C 
(2) 0 .50c min - i to - l O o C 
(3) lOoC min-i to -4o C 
(4) 100 C min - i to - l O o C 
These p r o t o c o l s have been demonstrated by LM to induce 
the a ppropriate responses. 
5.6.1. R e s u l t s 
(a) C o n t r o l samples 
Figure 5.24.a. shows a low m a g n i f i c a t i o n view of a 
number of c e l l s w i t h i n a c o n t r o l sample. These c e l l s are 
not c l o s e l y packed i n c l u s t e r s , as i s the tendency 
f o l l o w i n g the slower experimental f r e e z i n g treatments. At 
the r a p i d c o o l i n g r a t e s used i n plunge c o o l i n g (approx. 
4-500OC s-1) f r e e z i n g r e s u l t s i n the formation of numerous 
very small i c e c r y s t a l s w i t h i n the sample. This c o n t r a s t s 
with the slow advance of broad i c e f r o n t s across the 
sample at slower c o o l i n g r a t e s , which r e s u l t s i n the 
c o n c e n t r a t i o n of c e l l s i n t o l i q u i d channels between i c e 
c r y s t a l s . Comparison w i t h unfrozen c e l l s f i x e d f o r 
e l e c t r o n microscopy i n the conventional way ( f i g u r e 5 . 2 . ) 
i n d i c a t e s that c o o l i n g by r a p i d plunging was s u f f i c i e n t l y 
r a p i d f o r the c e l l s to remain unshrunken. C e l l s r e t a i n 
t h e i r round to ovoid p r o f i l e s , surrounded by the s l i g h t l y 
i r r e g u l a r contours of the plasma membrane, t y p i c a l of 
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FIGURE 5.24. 
Co n t r o l sample f i x e d by fre e z e s u b s t i t u t i o n . Ice c r y s t a l s 
are evident w i t h i n c e l l s . Ruptures i n the plasma membrane 
are revealed by cytoplasm extruding i n t o the 
e x t r a c e l l u l a r medium (arrows). 
Scale bars (a) = lOjum, (b) & (c) = 2iLim 
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c o n t r o l c e l l s . 
C o n t r o l samples which were f i x e d by t h i s technique 
show evidence of i n t r a c e l l u l a r i c e formation ( f i g u r e 
5.24.). The cytoplasm of each c e l l i s p e r f o r a t e d by a 
network of small holes which i n d i c a t e the presence of i c e 
c r y s t a l s i n the f r o z e n specimen. There i s c e l l to c e l l 
v a r i a t i o n i n the average dimensions of these p e r f o r a t i o n s , 
(average diameter = approximately 5()-200 nm) . These 
v a r i a t i o n s may be ex p l a i n e d i n terms of n a t u r a l v a r i a t i o n s 
w i t h i n the p o p u l a t i o n i n c e l l volume, i n the p h y s i c a l 
c o n d i t i o n of each c e l l and a l s o by the f a c t t h a t the 
c o o l i n g r a t e (on which i c e c r y s t a l s i z e i s dependent) i s 
not constant throughout the sample. The c h a r a c t e r i s t i c 
o r g a n i s a t i o n of c e l l contents appears g e n e r a l l y unchanged. 
Ice c r y s t a l dimensions do not ' appear to vary from one 
or g a n e l l e to another w i t h i n a c e l l . Small ruptures i n the 
plasma membrane may be due to gas. e x p u l s i o n which i s 
common at c o o l i n g r a t e s above 10°C min-^ ( f i g u r e §..24.c.). 
The presence of short strands of cytoplasmic m a t e r i a l 
streaming from, these ruptures i n the plasma membrane 
support the proposal t h a t the ruptures were caused by gas 
exp u l s i o n , the cytoplasmic strands being pushed outwards 
with the f o r c e of the gas movement. I f the ruptures had 
been a r e s u l t of mechanical damage by i c e c r y s t a l s leakage 
would not be expected from the c e l l i n the fro z e n s t a t e . 
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(b) 0.5oCmin - i to -i°C. 
F o l l o w i n g c o o l i n g at 0.5°C min"^ to -4°C, c e l l s have 
shrunk and f r e q u e n t l y appear to have been compressed 
between l a r g e i c e c r y s t a l s ( f i g u r e 5.25). This shrinkage 
and concomitant c o n c e n t r a t i o n of cytoplasmic m a t e r i a l (as 
evidenced by the denseness of the m a t e r i a l i n s e c t i o n ) has 
apparently prevented i c e c r y s t a l formation during 
subsequent plunge c o o l i n g . 
I n t r a c e l l u l a r o r g a n i s a t i o n i s d i f f i c u l t to i n t e r p r e t , 
due to the dense and d i s t o r t e d appearance of c e l l 
contents. There i s no evidence of i n t r a c e l l u l a r i c e 
formation. 
As has been shown by isothermal f r e e z e f i x a t i o n , 
shrinkage reduces the s e p a r a t i o n between the c h l o r o p l a s t 
and the c e l l surface ( f i g u r e 5.16.) and protoplasmic 
processes extend i n t o the surrounding medium (see f i g u r e 
5.25.b., arrows). 
The b i l a y e r s t r u c t u r e of the plasma membrane cannot be 
d i s t i n g u i s h e d ; the c e l l boundary i s g r a n u l a r , and i n some 
instances a granular m a t e r i a l can be seen surrounding the 
main body of'the c e l l ( f i g u r e 5.25.b.)or extending from i t 
( f i g u r e 5.26.a.). The membrane systems of the c h l o r o p l a s t 
and mitochondrion are shown i n reverse c o n t r a s t ( f i g u r e s 
5. 26. a., 5.26.b..). 
As the dimensions of t h i s sample resemble the cryo-LM 
samples more c l o s e l y than the samples used f o r v i a b i l i t y 
t e s t s , the s u r v i v a l i s l i k e l y to be of a s i m i l a r value to 
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FIGURE 5.25. 
C e l l s cooled at 0.5°C min- i to -40C, and f i x e d by f r e e z e 
s u b s t i t u t i o n . C e l l s are packed c l o s e l y together. There i s 
no evidence of i n t r a c e l l u l a r i c e . Protoplasmic processes 
(arrows) extend i n t o granular e x t r a c e l l u l a r m a t e r i a l (*). 
Scale bars (a) = 2iam, (b) = 1pm 
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FIGURE 5 .26 . 
C e l l s cooled at 0 . 5 ° C min- i to - 4 o C , and f i x e d by fre e z e 
s u b s t i t u t i o n . 
Membrane systems are shown i n reverse c o n t r a s t . 
Scale bars (a) = 2jum, (b) = 1pm 
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that p r e d i c t e d by cryo-LM observations, i e . 0 % (chapter 4) . 
(c) 0.50c min-i to -IQoC. 
Fol l o w i n g f u r t h e r c o o l i n g to - 1 0 ° C , there i s l i t t l e 
apparent change from the sample cooled only to -4oC. 
Plasma membranes cannot be i d e n t i f i e d ( f i g u r e 5.27.). The 
c h l o r o p l a s t remains i n t a c t , probably s t i l l enveloping 
other o r g a n e l l e s such as the nucleus and g o l g i apparatus. 
Dense strands e x t e r i o r to the c h l o r o p l a s t i n f i g u r e 
5.27.a. may represent s e c t i o n s of the m i t o c h o n d r i a l 
network. 
C e l l s are compressed together i n t o c l u s t e r s . No 
i n t r a c e l l u l a r i c e i s evident. I n t e r c e l l u l a r i c e c r y s t a l s 
are not present between each c e l l . However, holes i n the 
s e c t i o n , with dimensions g r e a t e r than those of an 
i n d i v i d u a l c e l l , r e v e a l the p o s i t i o n of i c e c r y s t a l s , 
f ormerly present w i t h i n the c l u s t e r ( f i g u r e 5.27.b.). A 
granular e x t r a c e l l u l a r m a t e r i a l i s evident. 
C e l l s from both t h i s sample and the previous'one, 
which have been fr o z e n at slow c o o l i n g r a t e s and undergone 
cons i d e r a b l e shrinkage,, e x h i b i t reverse c o n t r a s t of 
o r g a n e l l a r membrane systems. This i s c l e a r l y evident i n 
f i g u r e 5.27 . C . where the t h y l a k o i d membranes appear pale 
against a dark background. 
No s u r v i v a l can be expected f o l l o w i n g t h i s f r e e z i n g 
treatment (as p r e d i c t e d by cryo-LM (chapter 4). 
198. 

FIGURE 5.27. 
C e l l s cooled at O .50C min-1 to - I Q o C , and f i x e d by fre e z e 
s u b s t i t u t i o n . 
No i n t r a c e l l u l a r i c e i s evident. C e l l s are surrounded by 
granular m a t e r i a l . 
(a) Dense strands e x t e r i o r t o the c h l o r o p l a s t may be 
mitochondria. 
Scale bar = 2Mm 
(b) Blank spaces i n the s e c t i o n (*) probably represent 
the l o c a t i o n of i c e w i t h i n the c e l l c l u s t e r . 
Scale bar = 2ium 
(c) Thylakoid membranes are shown i n reverse c o n t r a s t . 
Scale bar = 0.5pm 
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(d) IQoC min - i to - 4 o C . 
F o l l o w i n g ' r a p i d ' c o o l i n g to - 4 ° C the c e l l s have again 
been f o r c e d i n t o c l u s t e r s by the growth of surrounding i c e 
c r y s t a l s ( f i g u r e 5.28.). 
A small number of c e l l s e x h i b i t no apparent 
i n t r a c e l l u l a r i c e formation. The remainder do show the 
c h a r a c t e r i s t i c , network of holes i n the cytoplasm which i s 
i n t e r p r e t e d as evidence of the presence of i n t r a c e l l u l a r 
i c e c r y s t a l s . As c o n t r o l samples d i s p l a y a network of 
holes of s i m i l a r dimensions i t might be assumed t h a t no 
i n t r a c e l l u l a r i c e had formed p r i o r to r a p i d plunge 
f i x a t i o n . The row of c e l l s from which i c e c r y s t a l s are 
apparently absent a l s o seem to be u n a f f e c t e d by 
i n t e r c e l l u l a r i c e c r y s t a l s , and form a smooth edge to the 
sample. They probably formed the edge of the o r i g i n a l 
complete sample. Evaporation of water from the surface 
during the experimental c o o l i n g treatment may have caused 
water l o s s from the sur f a c e l a y e r of c e l l s , thus 
depressing the f r e e z i n g point- of t h e i r i n t r a c e l l u l a r 
s o l u t i o n s . A l t e r n a t i v e l y , i t may be t h a t t h i s p o r t i o n of 
the sample was cooled s u f f i c i e n t l y r a p i d l y , by plunging 
i n t o l i q u i d ethane, t h a t the i c e c r y s t a l s which formed 
w i t h i n the c e l l s were too small to be detected v i s i b l y . 
The granular matrix which was evident around 'slowly' 
cooled samples i s not present i n ' r a p i d l y ' cooled samples. 
Instead there i s evidence of l a r g e i c e c r y s t a l s i n 
i n t e r c e l l u l a r l o c a t i o n s . This was not commonly observed i n 
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FIGURE 5.28. 
C e l l s cooled at 10°C min- i to -4oC, and f i x e d by fr e e z e 
s u b s t i t u t i o n . 
Many c e l l s show evidence of i n t r a c e l l u l a r i c e formation. 
Some c e l l s at the edge of the sample (arrows) appear to 
have avoided i n t r a c e l l u l a r f r e e z i n g . I n t e r c e l l u l a r spaces 
r e v e a l the l o c a t i o n of i n t e r c e l l u l a r i c e c r y s t a l s (*). 
Scale bar = 10pm -
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'slowly' cooled samples. 
68% s u r v i v a l might be expected f o l l o w i n g t h i s f r e e z i n g 
treatment (chapter 4). 
(e) lOoC min - i to - l O o C . 
F o l l o w i n g ' r a p i d ' c o o l i n g to the lower temperature of 
- l O o C , a number of the c e l l s e x h i b i t much l a r g e r holes i n 
t h e i r i n t r a c e l l u l a r i c e - C r e a t e d network ( f i g u r e 5.29 . C . ) . 
In t h i s micrograph i t appears t h a t c e l l s trapped i n 
i n t e r d e n d r i t i c channels of concentrated s o l u t i o n during 
f r e e z i n g may have shrunk s l i g h t l y , thus d e l a y i n g 
i n t r a c e l l u l a r i c e formation, whereas the c e l l s i s o l a t e d i n 
the i c e mass probably underwent l e s s osmotic dehydration, 
hence the e a r l i e r formation of l a r g e r i n t r a c e l l u l a r i c e 
c r y s t a l s . 
There were s t i l l some shrunken c e l l s which appeared to 
have avoided i n t r a c e l l u l a r i c e formation. These were 
g r e a t l y d i s t o r t e d and f r e q u e n t l y e x h i b i t e d extensions of 
cytoplasm ( f i g u r e 5.29.b.). 
Evidence of numerous i n t e r c e l l u l a r i c e c r y s t a l s e x i s t s 
w i t h i n c l u s t e r s of c e l l s ( f i g u r e 2 9 . a . ) . These 
i n t e r c e l l u l a r i c e c r y s t a l s have d i s t o r t e d the c e l l s , , 
g i v i n g each a s c a l l o p e d o u t l i n e . The i n a b i l i t y to 
d i s t i n g u i s h the plasma membrane prevents a n a l y s i s of the 
exact r e l a t i o n s h i p between the i n t e r c e l l u l a r i c e c r y s t a l s 
and the plasma membrane. 
S u r v i v a l would be expected to be reduced to 42% 
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FIGURE 5.29. 
C e l l s cooled at IQoC min-i to -IQoC, and f i x e d by f r e e z e 
s u b s t i t u t i o n . 
(a) I n t e r c e l l u l a r spaces r e v e a l the l o c a t i o n of 
i n t e r c e l l u l a r i c e c r y s t a l s (*). 
Scale bar =3 jum 
(b) Shrunken c e l l s are g r e a t l y d i s t o r t e d . 
Scale bar = 2iLiin 
(c) Large i n t r a c e l l u l a r i c e c r y s t a l s are evident " i n the 
lowermost c e l l . 
Scale bar = 3pm 
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f o l l o w i n g t h i s f r e e z i n g treatment (chapter 4). 
5.6.2. Summary 
C e l l shrinkage which takes place during slow c o o l i n g 
r e s u l t s i n s u f f i c i e n t c o n c e n t r a t i o n of c e l l contents to 
prevent i n t r a c e l l u l a r i c e c r y s t a l formation during 
subsequent plunge c o o l i n g i n t o l i q u i d ethane. C e l l 
contents are so dense t h a t i t i s d i f f i c u l t t o detect 
u l t r a s t r u c t u r a i changes. 
I n t r a c e l l u l a r i c e i s evident f o l l o w i n g r a p i d c o o l i n g 
to - I Q o C . I n t e r c e l l u l a r i c e occurs a l s o at -4oC when 
cooled r a p i d l y but i s absent from s l o w l y cooled samples 
because e x t r a c e l l u l a r i c e c r y s t a l s grow more s l o w l y at 
slow c o o l i n g r a t e s , g r a d u a l l y pushing c e l l s c l o s e l y 
together i n t o s o l u t i o n channels. At more r a p i d c o o l i n g 
rates i c e can form between c e l l s before they are pushed 
together. These i n t e r c e l l u l a r i c e c r y s t a l s are a l s o 
evident from isothermal f r e e z e f i x a t i o n s t u d i e s , and are a 
p o s s i b l e cause of i n j u r y during r a p i d cooling,, as they 
cause more d i s t o r t i o n of the c e l l o u t l i n e than d i r e c t 
c e l l - c e l l contacts do during slow c o o l i n g . 
A sep a r a t i o n of the mitochondrion from the surrounding 
cytoplasm i s evident, as shown by isothermal freeze 
f i x a t i o n , f o l l o w i n g slow c o o l i n g to - I Q o C . This may r e s u l t 
from d i f f e r e n t i a l shrinkage of the mitochondrion and 
c h l o r o p l a s t or cytoplasm, p o s s i b l y only becoming manifest 
as a se p a r a t i o n during f i x a t i o n . 
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R e s u l t s from isothermal f r e e z e f i x a t i o n are g e n e r a l l y 
confirmed by free z e s u b s t i t u t i o n r e s u l t s . Chemical 
f i x a t i o n at low temperature may be modified by 
p a t h o l o g i c a l changes a s s o c i a t e d w i t h f r e e z i n g , such as 
enzyme degradation of membrane l i p i d s (Clarke et al,, 
1982) and l o s s of membrane p r o t e i n s (Heber et al., 1981). 
The observed r e v e r s a l of s t a i n i n g c o n t r a s t of t h y l a k o i d 
membranes f o l l o w i n g f r e e z e - s u b s t i t u t i o n may be a 
demonstration of the e f f e c t s of such changes. Negative 
c o n t r a s t of c r i s t a e membranes of•mitochondria has been 
observed i n freeze s u b s t i t u t e d lymphocytes (Walter et al., 
1975) and freeze s u b s t i t u t e d Sycamore c e l l s f o l l o w i n g 
f r e e z i n g at 1°C min'to -196°C (Withers & Davey, 1978). 
Un f o r t u n a t e l y i t i s not p o s s i b l e to determine whether 
observed changes r e s u l t from f r e e z i n g damage per se or 
from i n d i r e c t e f f e c t s of f r e e z i n g on c e l l f i x a t i o n . 
Negative c o n t r a s t has been observed i n t h i s study only i n 
samples which have shrunk as a r e s u l t of slow c o o l i n g 
treatments, and not i n those samples" which have formed 
i n t r a c e l l u l a r i c e ; i t may t h e r e f o r e be a r e s u l t of 
dehydration s t r e s s p r i o r to f i x a t i o n . This r e v e r s a l of 
membrane c o n t r a s t ' may c o n t r i b u t e towards the apparent 
absence of the plasma membrane. 
The granular appearance of the c e l l boundary may 
i n d i c a t e a d e s t a b i l i s a t i p n of the plasma membrane which 
has been f u r t h e r a l t e r e d by the f i x a t i o n technique. 
Damaged c e l l s may r e q u i r e d i f f e r e n t f i x a t i o n treatments 
than c o n t r o l samples f o r optimum p r e s e r v a t i o n (Morris et 
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a i , , 1981) . The b i l a y e r s t r u c t u r e of the plasma membrane 
i s evident i n sl o w l y cooled c e l l s f i x e d i s o t h e r m a l l y and 
i n c o n t r o l c e l l s f i x e d by free z e s u b s t i t u t i o n . However, 
the replacement of membrane f i n e s t r u c t u r e by amorphous 
o s m i o p h i l i c m a t e r i a l during f r e e z i n g has been demonstrated 
by isothermal f r e e z e f i x a t i o n i n Rye p r o t o p l a s t s (Singh 
and M i l l e r , 1982). 
In f r e e z e s u b s t i t u t i o n , the chemical f i x a t i v e i s added 
at temperatures below - 8 0 o C , thus reducing the growth of 
i c e c r y s t a l s which would occur i f the sample were he l d at 
higher sub-zero temperatures, and c o n s i d e r a b l y reducing 
the r a t e of biochemical r e a c t i o n s . Not a l l r e a c t i o n r a t e s 
are a f f e c t e d to the same extent, or even i n the same way 
by a r e d u c t i o n i n temperature, so r e a c t i o n pathways may 
become uncoupled, producing harmful consequences (Taylor, 
1987). Greater d i s p a r i t y i s l i k e l y to occur at the 
temperatures used f o r isothermal f r e e z e - f i x a t i o n than at 
the temperatures at which f r e e z e - s u b s t i t u t i o n i s c a r r i e d 
out, so samples f i x e d by f r e e z e - . s u b s t i t u t i o n are l e s s 
l i k e l y to e x h i b i t f i x a t i o n - r e l a t e d a r t e f a c t s . 
Because a thermal g r a d i e n t e x i s t s across the sample, 
there w i l l be d i f f e r e n c e s i n i c e c r y s t a l s i z e depending oh 
the depth w i t h i n the sample (Nei, 1976) . At the u l t r a r a p i d 
c o o l i n g r a t e s used to f i x specimens the c e l l s w i l l not 
have time t o lose water by osmosis so i c e c r y s t a l s w i l l be 
smal l e s t i n those c e l l s at the edge of the sample, which 
w i l l be cooled f a s t e s t . However, at the slow c o o l i n g r a t e s 
used i n experimental c o o l i n g treatments, those c e l l s a t 
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the centre of the. sample, which have undergone most 
dehydration, may be expected to e x h i b i t the s m a l l e s t i c e 
c r y s t a l s . The r e l e a s e of l a t e n t heat w i t h i n the sample as 
f r e e z i n g occurs can cause me l t i n g and r e c r y s t a l l i s a t i o n of 
i c e , and t h i s w i l l a l t e r the expected p a t t e r n . With the 
technique used here i t i s not g e n e r a l l y p o s s i b l e to 
determine the l o c a t i o n w i t h i n the o r i g i n a l sample of a 
p a r t i c u l a r group of c e l l s , viewed by EM (although see 
s e c t i o n 5.6.1.(d)). This i s due to the p o s s i b i l i t y of 
r e d i s t r i b u t i o n of c e l l s w i t h i n the sample on thawing, 
which c o u l d be prevented by embedding the sample i n a 
matrix, such as f i b r i n or g e l a t i n , p r i o r to f r e e z i n g . This 
was an undesirable technique i n these circumstances, as 
the presence of such an e x t e r n a l matrix could a l t e r the 
f r e e z i n g patterns w i t h i n the sample. Another f a c t o r which 
w i l l a f f e c t i n t r a c e l l u l a r i c e c r y s t a l s i z e i s the f r e e z i n g 
p o i n t of the i n t r a c e l l u l a r s o l u t i o n . I t has been shown i n 
chapter 4 t h a t t h i s may vary from -1 to -20°C, and 
p o s s i b l y lower. Thus there would be c e l l - t o - c e l l v a r i a t i o n 
i n i c e c r y s t a l s i z e , even i f a constant c o o l i n g r a t e could 
be achieved across the sample. 
5.7. F r e e z i n g i n j u r y i n v e s t i g a t e d u s i n g cryo-SEM 
This novel technique allows observations by SEM of the 
same specimens s t u d i e d i n the cryb-LM, f i x e d at any chosen 
p o i n t i n the freeze-thaw c y c l e , and t r a n s f e r r e d , to the 
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c o l d stage of a scanning e l e c t r o n microscope (cryo-SEM). 
Samples are thus examined i n a frozen-hydrated s t a t e or, 
by subliming i c e from the specimen surface w i t h i n the SEM, 
i n a p a r t i a l l y f r e e z e - d r i e d c o n d i t i o n . The examination of 
frozen specimens has c e r t a i n advantages over specimens 
which have been c h e m i c a l l y f i x e d , dehydrated and c r i t i c a l 
p o i n t d r i e d . The organic s o l v e n t s used as standard f o r 
dehydration p r i o r to c r i t i c a l p o i n t d r y i n g are claimed to 
cause shrinkage, e x t r a c t i o n of c e l l components and 
r e l o c a l i s a t i o n of ions w i t h i n the c e l l . Subsequent d r y i n g 
from l i q u i d carbon d i o x i d e causes a d d i t i o n a l d i s t o r t i o n 
and specimen shrinkage (Wilson and Robards, 1984). The use 
of t h i s cryo SEM technique w i l l not only provide a means 
of observing the same specimen during a freeze-thaw c y c l e 
by LM and by SEM, but w i l l enable comparisons to be made 
between samples prepared f o r SEM by two d i f f e r e n t 
techniques, i e . f i x e d by plunge c o o l i n g and examined i n 
the frozen-hydrated or f r e e z e - d r i e d c o n d i t i o n , and 
c h e m i c a l l y f i x e d and dehydrated, then c r i t i c a l p o i n t d r i e d 
and examined at room temperature i n the d r i e d c o n d i t i o n . 
Rapid plunging of a specimen i n t o a l i q u i d cryogen 
w i l l g e n e r a l l y f i x the m a t e r i a l more r a p i d l y than Chemical 
f i x a t i o n . However, the speed of f i x a t i o n and the s i z e of 
p o t e n t i a l l y d i s r u p t i v e i c e c r y s t a l s w i t h i n the sample w i l l 
depend on the c o o l i n g r a t e , and t h i s i s p a r t l y dependent 
on sample s i z e . In t h i s i n v e s t i g a t i o n the sample s i z e , 
which must i n c l u d e the g l a s s holder, i s determined by 
requirements of the LM o b s e r v a t i o n technique, and i s 
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c o n s i d e r a b l y l a r g e r than t h a t recommended f o r plunge 
c o o l i n g ( Elder et al., 1982). However, as i t was deemed 
necessary to preserve the geometry of the sample as 
present on the l i g h t microscope stage, plunge c o o l i n g 
seemed to be the only p r a c t i c a b l e method of f i x a t i o n . 
The method i s des c r i b e d i n chapter 2. Free z i n g 
p r o t o c o l s chosen were as f o l l o w s :-
(a) 60°C min-i to -20°C f i x at -20°C 
to examine c e l l s i n the fro z e n c o n d i t i o n i n 
which *black f l a s h i n g ' has taken p l a c e . 
(b) 1°C min-i to -6°C f i x at -6°C and at 20° C 
to examine membrane e x t r u s i o n s i n the f r o z e n 
c o n d i t i o n and blebbing at room temperature. 
(c) 2°C min-i to -18°C f i x at 20°C 
to examine c e l l s which have undergone 
r e h y d r a t i o n l y s i s . 
(d) 2°C min-i to -3°C f i x at 20° C 
to examine s u r v i v o r s which remain d i s t o r t e d at 
room temperature. 
(e) 4°C min-1 to -11° C f i x at 0° C 
to examine c e l l s i n e a r l y stages of 
d i s i n t e g r a t i o n during thawing, f o l l o w i n g 
i n t r a c e l l u l a r i c e formation. 
Rewarming, where a p p l i c a b l e , was at 30°C min-^ to 0°C, 
he l d f o r 0.5 min, then 50°C min-i to 20°C. 
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5 . 7 . 1 . R e s u l t s 
The a l g a l sample was g e n e r a l l y not c o n f i n e d to the 
w e l l i n the specimen holder but a l s o spread around the 
entrance to the w e l l , as shown i n the low power micrograph 
of the specimen holder i n f i g u r e 5 .30 . 
(a) 60OC min - i to - 2 0 o C . F i x e d at -20oC. 
In the l i g h t microscope c e l l s were witnessed to black 
f l a s h w i t h the a s s o c i a t e d e x p u l s i o n of gas bubbles. Thus 
i t was expected that c e l l s would c o n t a i n i n t r a c e l l u l a r i c e 
and may show ruptures i n the plasma membrane. 20% s u r v i v a l 
can be expected f o l l o w i n g t h i s f r e e z i n g treatment (chapter 
4 ) . 
Ice has been sublimed from the surface of the sample 
i n f i g u r e 5 . 3 1 . , to r e v e a l c l u s t e r s of c e l l s . These 
c l u s t e r s would have been packed together by advancing i c e 
f r o n t s . C e l l s s t i l l embedded i n the i c e are evident at the 
surface of the i c e matrix. Ice c r y s t a l boundaries can be 
i d e n t i f i e d i n both micrographs ( f i g u r e 5 . 3 1 ) . 
Folds i n the plasma membrane provide angular but 
f l a t - f a c e d c e l l u l a r o u t l i n e s , as though determined by 
i n t e r n a l pressure from compartmentalised i n t r a c e l l u l a r i c e 
and/or e x t e r n a l pressure from e x t r a c e l l u l a r i c e c r y s t a l s . 
I t i s not p o s s i b l e to d i s t i n g u i s h p o s i t i v e l y the j u n c t i o n s 
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FIGURE 5 .30 . 
Scanning e l e c t r o n micrograph of the specimen holder used 
i n the cryoLM/SEM technique. The g l a s s cover (*) has been 
p a r t i a l l y removed to r e v e a l the c e l l sample i n and around 
the entrance to the ' w e l l ' . The broken edge of the cover 
i s marked with arrows. 
Scale bar = 1mm 
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FIGURE 5.31. 
C e l l s cooled at 60°C min-i to -20°C, and f i x e d by r a p i d 
c o o l i n g i n t o l i q u i d n i t r o g e n . 
Ice s u b l i m a t i o n from one surface of the specimen has 
reve a l e d c l u s t e r s of angular c e l l s and c r y s t a l boundaries 
at the surface of the i c e (arrows). 
Scale bars = 20|um 
212 


between c e l l s . The. extremely c l o s e a s s o c i a t i o n between 
c e l l s i s caused by i c e growth; the volume of the aqueous 
channels between i c e c r y s t a l s would be r a p i d l y reduced at 
t h i s c o o l i n g r a t e , p u t t i n g pressure on the r e l a t i v e l y 
unshrunken c e l l s . The s c a l e bar on the micrograph 
emphasises the f a c t t h a t a s i n g l e c e l l may be 
i n d i s t i n g u i s h a b l e from i t s neighbours. Most c e l l s w i l l be 
l e s s than 10pm i n diameter, and these angular 
m u l t i c e l l u l a r forms may measure 30pm or more across. 
I t i s not p o s s i b l e to t e l l whether the apparent 
creases i n the plasma membranes are f r a c t u r e s or whether 
the membranes remain i n t a c t . 
(b) l o c min-1 to - 6 o C . F i x e d at -6oC and at 20oC. 
In the l i g h t microscope c e l l s w i t h i n t h i s sample were 
observed to form f i n e , club-ended e x t r u s i o n s of the plasma 
membrane at 'low temperatures. F o l l o w i n g thawing massive 
s w e l l i n g i s evident. Although the s w e l l i n g (blebbing) was 
apparently membrane bound, the o r i g i n of t h i s membrane i s 
not known. 
No s u r v i v a l can be expected f o l l o w i n g t h i s f r e e z i n g 
treatment (chapter 4 ) . 
Observations made of c e l l s f i x e d at low temperature 
w i l l be d e s c r i b e d f i r s t . When c e l l s from w i t h i n the 
confines of the w e l l are examined no f i n e membrane 
ext r u s i o n s such as those seen i n LM are evident, although 
some c e l l s are d i s t o r t e d as • though through shrinkage 
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FIGURE 5.32. 
C e l l s cooled at !<> C min-^ to - 6 o C . 
(a) D i s t o r t e d c e l l s f i x e d by r a p i d plunging i n t o l i q u i d 
n i t r o g e n from - 6 o C . 
Scale bar = 5|am 
(b) C e l l s f i x e d by r a p i d plunging i n t o . l i q u i d n i t r o g e n 
from -6oC have f l a t t e n e d a g a i n s t adjacent g l a s s s u r f a c e s . 
Scale bar = 5pm 
(c) C e l l s f i x e d by r a p i d plunging i n t o l i q u i d n i t r o g e n 
f o l l o w i n g rewarming to 20°C. The c e l l on the l e f t i s 
swollen. There are numerous i n d e n t a t i o n s i n i t s s u r f a c e . 
Scale bar = 5|im 
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( f i g u r e 5.32.a..). However, c e l l s which have been 
sandwiched between the c o v e r s l i p s , i n the regions around 
the edge of the w e l l , do show a comparable response. These 
c e l l s are g r o s s l y deformed and appear f l a t t e n e d and spread 
aga i n s t the c o v e r s l i p . E x t r u s i o n s of the plasma membrane 
extend only i n the plane of the c o v e r s l i p and only from 
f l a t t e n e d regions of the c e l l s ( f i g u r e 5.32.h.). 
In samples which have been f i x e d f o l l o w i n g rewarming 
to 20°C, many of the c e l l s are seen to have swollen to 
s e v e r a l times t h e i r i n i t i a l volume, as expected. E l e c t r o n 
microscopy r e v e a l s that the membrane surface of these 
g r e a t l y swollen c e l l s i s markedly p i t t e d i n comparison 
with non-swollen m a t e r i a l ( f i g u r e 5 . 3 2 . C . ) , a d i f f e r e n c e 
which remained undetected by l i g h t microscopy. 
(c) 2°C min-1 to -18° C. F i x e d at 20" C. 
No s u r v i v a l can be expected f o l l o w i n g this.-., f r e e z i n g 
treatment (chapter 4). 
Swollen c e l l s , up to 20jum i n diameter are evident 
w i t h i n the sample, d i s p l a y i n g the same feat u r e of surface 
i n d e n t a t i o n s ( f i g u r e 5.33.a.) that was i d e n t i f i e d i n the 
sample cooled at l^C min-^ to -6oC, and then rewarmed to 
200C. The only evidence of l y s e d c e l l s i n t h i s sample was 
small patches of d e b r i s . 
(d) 20 C min-1 to -3°C. F i x e d at 20oc, 
As seen by l i g h t microscopy, a number of c e l l s are 
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FIGURE 5.33. 
(a) Swollen c e l l , cooled at 2°C min-i to -18oC, and f i x e d 
by r a p i d plunging i n t o l i q u i d n i t r o g e n f o l l o w i n g rewarming 
to 20°C. Surface i n d e n t a t i o n s are evident. 
Scale bar = 5|am 
(b) C e l l s cooled at 2"C min-i to -3oC and f i x e d by r a p i d 
plunging i n t o l i q u i d n i t r o g e n f o l l o w i n g rewarming to 20oC. 
The c e n t r a l c e l l i s d i s t o r t e d w i t h an e l a b o r a t e l y shaped 
membrane e x t r u s i o n . 
Scale bar = 5)um 
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FIGURE 5.34. 
C e l l s cooled at 4°C min-^ to -11°C and f i x e d by r a p i d 
plunging i n t o l i q u i d n i t r o g e n f o l l o w i n g rewarming to 0°C, 
(a) C e l l s appear i n t a c t but angular. 
Scale bar = 20\im 
(b) Debris from a ruptured c e l l . 
Scale bar = 0.5pm 
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s t i l l d i s t o r t e d "on reaching 20oC. 75% s u r v i v a l can be 
expected f o l l o w i n g t h i s f r e e z i n g treatment (chapter 4) . 
E l a b o r a t e l y shaped e x t r u s i o n s of the plasma membrane are 
observed from some of the mis-shapen c e l l s ( f i g u r e 
5.33. b.). 
(e) 40c min - i to - l l o C . F i x e d at 0°C. 
The i n t a c t , angular appearance of the m a j o r i t y of 
c e l l s suggests that rewarming has been i n s u f f i c i e n t to 
demonstrate d i s i n t e g r a t i o n f o l l o w i n g i n t r a c e l l u l a r i c e 
formation ( f i g u r e 5.34.a.) The d e b r i s evident i n f i g u r e 
5.34. b. c o n s i s t s of a mass of roughly s p h e r i c a l forms, 
probably r e s u l t i n g from membrane y e s i c u l a t i o n . 
No s u r v i v a l can be expected f o l l o w i n g t h i s f r e e z i n g 
treatment (chapter 4). 
5.7 . 2 . Summary 
LM observations were only made of c e l l s w i t h i n the 
specimen w e l l , • s i t e d d i r e c t l y above the t i p of the 
thermocouple embedded i n the LM cryostage (see chapter 2 ) . 
I t was common p r a c t i c e to examine those c e l l s adjacent to 
the c o v e r s l i p over the w e l l , as these presented the most 
c l e a r image. However, i t should be noted t h a t these c e l l s 
are l i k e l y to be l o s t when the c o y e r s l i p i s removed f o r 
subsequent SEM observation. This i s a major f l a w i n the 
technique; i t could e a s i l y be remedied by r e t a i n i n g the 
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g l a s s fragment cover and examining i t i n the SEM a l s o . 
This type of SEM i n v e s t i g a t i o n only allows observation 
of the o v e r a l l shape of the c e l l and the surface of the 
plasma membrane. As the plasma membrane i s commonly 
regarded as the primary s i t e of f r e e z i n g i n j u r y i t i s 
e s s e n t i a l to c a r r y out such a study. However, a l t e r a t i o n s 
to the plasma membrane u l t r a s t r u c t u r e are only evident 
during massive blebbing of the c e l l s . This does not 
n e c e s s a r i l y imply t h a t changes are only o c c u r r i n g during 
b l e b b i n g , and not during other p a t h o l o g i c a l responses to 
f r e e z i n g , as c e r t a i n u l t r a s t r u c t u r a l m o d i f i c a t i o n s may 
only be v i s i b l e at higher l e v e l s of r e s o l u t i o n or by the 
use of s p e c i f i c l a b e l l i n g . 
The observation t h a t the membrane e x t r u s i o n s 
i d e n t i f i e d by cryo-LM are e s s e n t i a l l y a planar phenomenon 
a s s o c i a t e d with the presence of a g l a s s s u b s t r a t e , and not 
extending i n t o the bulk of the surrounding medium, i s ' o f 
major s i g n i f i c a n c e . I t r e v e a l s t h a t these e x t r u s i o n s are 
not e q u i v a l e n t to the tet h e r e d spheres which extend from 
the surfaces of acclimated higher p l a n t p r o t o p l a s t s during 
dehydration (Steponkus et al., 1.983). Without t h i s 
technique t h e i r presence c o u l d have been m i s i n t e r p r e t e d . 
They do demonstrate t h a t plasma membrane-bound cytoplasmic 
e x t r u s i o n s can extend i n t o regions of unfrozen s o l u t i o n as 
the c e l l i s compressed by surrounding i c e c r y s t a l s . This 
i s a l s o demonstrated by c e l l u l a r e x t r u s i o n s extending over 
the surface of adjacent c e l l s i n the channels of unfrozen 
s o l u t i o n (see s e c t i o n 5.5.1.a. and chapter 4). I t i s 
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p o s s i b l e t h a t adhesive p r o p e r t i e s of membranes are a l t e r e d 
by the c o n d i t i o n s brought about by e x t r a c e l l u l a r f r e e z i n g , 
thus encouraging d i r e c t contact between the membrane and 
the g l a s s s u r f a c e . 
I t has not been p o s s i b l e to examine d i s i n t e g r a t i n g 
c e l l s i n the cryo-SEM, f o l l o w i n g r a p i d or slow c o o l i n g . I t 
may be t h a t the r a p i d plunge c o o l i n g to which these c e l l s 
were subjected once d i s r u p t i o n had begun caused f u r t h e r 
breakdown i n t o such small p a r t i c l e s t h a t they would be 
l o s t i n the vacuum of the SEM f o l l o w i n g s u b l i m a t i o n of the 
i c e . 
No surface l e s i o n s were v i s i b l e f o l l o w i n g r a p i d 
c o o l i n g without rewarming, although the plasma membrane 
appeared creased and l e s i o n s may have occurred along the 
'crease' l i n e s . These creases, and the f l a t faces of the 
surface between creases, could have been caused by angular 
i c e c r y s t a l s e i t h e r w i t h i n the c e l l or growing agai n s t i t s 
e x t e r n a l s u r f a c e . 
5 . 8 . O v e r a l l summary of r e s u l t s obtained by e l e c t r o n 
microscopy. 
The observations made by e l e c t r o n microscopy can be 
summarised as f o l l o w s : 
C l u s t e r s of packed c e l l s are commonly seen, e s p e c i a l l y 
f o l l o w i n g c o o l i n g at slow r a t e s , i n samples f i x e d by a l l 
the methods described. These c l u s t e r s were probably 
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created by the growth of i c e c r y s t a l s i n the e x t r a c e l l u l a r 
medium, f o r c i n g c e l l s i n t o the channels of concentrated 
s o l u t i o n at i c e c r y s t a l boundaries. It. i s not necessary to 
employ e l e c t r o n microscopy i n order to witness t h i s 
phenomenon; i t i s a well-documented e f f e c t , having been 
observed by l i g h t microscopy (eg. Nei, 1987, see chapter 4-
f o r t h i s organism). F o l l o w i n g the most r a p i d c o o l i n g 
treatment i n v e s t i g a t e d by TEM (10°C min-^) i n t e r c e l l u l a r 
i c e i s evident w i t h i n the packed c e l l c l u s t e r s , whereas at 
slower r a t e s there seem to be d i r e c t c e l l - c e l l contacts 
and l e s s exposure of the plasma membrane to concentrated 
e x t r a c e l l u l a r s o l u t i o n and i c e c r y s t a l s . . 
While a c e l l i s i n a shrunken s t a t e the membrane may 
form f o l d s , seen by TEM to c o n t a i n cytoplasm. When viewed 
by cryo-LM membrane e x t r u s i o n s appear to r a d i a t e from the 
e n t i r e c e l l surface. Cryo-SEM r e v e a l s t h a t t h i s e f f e c t may 
be pl a n a r , r e s u l t i n g from i n t e r a c t i o n s between the c e l l 
and the adjacent g l a s s s u r f a c e . Membrane-bound cytoplasmic 
e x t r u s i o n s probably r e s u l t from i r r e g u l a r mechanical 
pressure from surrounding i c e causing . c e l l d i s t o r t i o n 
during shrinkage. 
Stacks of membrane have been observed by TEM at the 
c e l l surface of shrunken c e l l s ; they may be connected to 
l a y e r s of membrane s t o r e d beneath the s u r f a c e , p o s i t i o n e d 
c l o s e to the c h l o r o p l a s t and p o s s i b l y o r i g i n a t i n g t h e re. 
A l t e r n a t i v e l y t h i s membrane may o r i g i n a t e from the 
mi t o c h o n d r i a l network, which was p o s i t i o n e d between the 
c h l o r o p l a s t and the plasma membrane before f r e e z i n g . 
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P o s s i b l y these l a y e r s of membrane and l i p i d s t o r e s 
c o n t r i b u t e to the huge s w e l l i n g ( blebbing ) of the plasma 
membrane which may take place on thawing. 
During thawing the e x t r u s i o n s c o n t a i n i n g cytoplasm may 
be r e i n c o r p o r a t e d i n t o the c e l l or may remain as 
extensions f o r s e v e r a l minutes and be seen, when f i x e d at 
room temperature, to c o n t a i n E.R. or mitochondria. 
Membrane of the m i t o c h o n d r i a l network and the c h l o r o p l a s t 
envelope may fuse with each other and with the plasma 
membrane during a freeze-thaw treatment; t h i s may le a d to 
the apparent expansion of the plasma membrane during c e l l 
s w e l l i n g . 
I t i s p o s s i b l e t h a t stacked membrane on the c e l l 
surface may u n f o l d during thawing.. Stacks of membrane are 
not seen i n rewarmed samples.This could enable blebbing 
to take place by p r o v i d i n g a l a r g e r surface area of 
membrane. 
I t has proved d i f f i c u l t to preserve the huge 
b a l l O o n - l i k e s w e l l i n g s which are commonly seen by l i g h t 
microscopy, by standard chemical f i x a t i o n methods. This 
could be due to i n s t a b i l i t y of the membrane. One of the 
drawbacks of the standard chemical f i x a t i o n p r o t o c o l i s 
that c e n t r i f u g a t i o n can separate i n t a c t c e l l s from the 
debr i s of ruptured c e l l s , thus g i v i n g a f a l s e i n d i c a t i o n 
of the number of s u r v i v o r s and r e s t r i c t i n g examination of 
ruptured c e l l s . During blebbing or before, many of the 
c e l l ' s o r g a n e l l e s break down i n t o membrane v e s i c l e s . 
Although the c h l o r o p l a s t t h y l a k o i d s are d i s r u p t e d they 
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appear i n t a c t and would be capable of the s w e l l i n g seen as 
'mini blebbing* f o l l o w i n g i n i t i a l b l e b bing i n the cryo 
l i g h t microscope. 
5.9. D i s c u s s i o n 
The plasma membrane i s considered by many to be the 
primary s i t e of f r e e z i n g i n j u r y ; t h i s i n j u r y has been 
a t t r i b u t e d by some to consequences of membrane phase 
changes (eg. Fujikawa, 1981, Quinn, 1985, Pearce & 
W i l l i s o n , 1985) . Changes i n the s t r u c t u r e and p r o p e r t i e s 
of the plasma membrane have been reported f o l l o w i n g 
exposure to low temperatures and to hypertonic s t r e s s e s . 
These s t r e s s e s are l i k e l y to have s i m i l a r e f f e c t s on the 
o r g a n e l l a r membranes although the response w i l l depend on 
the l i p i d components of the membranes i n question and 
e f f e c t s may be delayed by the b u f f e r i n g p r o p e r t i e s of the 
c e l l i t s e l f . 
Membrane l i p i d s w i l l undergo phase t r a n s i t i o n s from a 
di s o r d e r e d s t a t e (the l i q u i d - c r y s t a l l i n e s t a t e ) to a 
h i g h l y ordered hexagonal l a t t i c e of f a t t y a c y l chains (the 
gel s t a t e ) during c o o l i n g . In a d d i t i o n to the 
l i q u i d - c r y s t a l l i n e and g e l phases of l i p i d s t r u c t u r e , 
some c l a s s e s of l i p i d s w i l l form t u b u l a r hexagonal I I 
s t r u c t u r e s (Quinn, 1985). Membrane l i p i d s w i t h a tendency 
to form hexagonal IT s t r u c t u r e s i n c l u d e 
phosphatidylethanolamines, which are present i n the plasma 
membrane of Chlamydomonas r e i n h a r d t i i (Eichenberger, 1976) 
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but not i n the thylakoid. membranes (Janero & B a r r n e t t , 
1981). 
The t r a n s i t i o n temperatures vary with each type of 
ph o s p h o l i p i d present i n the membrane, so c e r t a i n 
components of the membrane w i l l c r y s t a l l i s e at higher 
temperatures than others. As c r y s t a l l i s a t i o n occurs during 
slow c o o l i n g , patches of c r y s t a l l i s e d l i p i d w i l l grow, 
excluding p r o t e i n s and phospholipids of lower t r a n s i t i o n 
temperatures i n t o regions i n which the p r o t e i n 
c o n c e n t r a t i o n i s r e l a t i v e l y high. The s i z e and frequency 
of p r o t e i n - f r e e domains w i l l depend on the c o o l i n g r a t e 
employed (Fujikawa, 1981). F r e e z e - f r a c t u r e e l e c t r o n 
microscopy has been used i n a number of s t u d i e s to 
demonstrate the s e p a r a t i o n i n t o IMP-rich and IMP-free 
areas, (eg. P l a t t - A l o i a and Thomson, 1987). ( I t i s 
g e n e r a l l y accepted t h a t IMF's, or 'intramembranous 
p a r t i c l e s ' , are comprised of s e v e r a l simple or conjugate 
p r o t e i n s ) . 
Quinn (1985) suggested t h a t , because the rionlamellar 
l i p i d s tend to undergo a l i q u i d - c r y s t a l l i n e to g e l phase 
t r a n s i t i o n at higher temperatures than l a m e l l a r forming 
l i p i d s , these w i l l tend to phase separate i n t o a g e l phase 
domain r i c h i n these l i p i d s . Damage then r e s u l t s on 
reheating the membrane, when the hexagonal I l - f o r m i n g 
l i p i d s g i v e r i s e to nOn-lamellar s t r u c t u r e s , d e s t r o y i n g 
the p e r m e a b i l i t y b a r r i e r p r o p e r t i e s of the membrane. The 
breakdown of the c h l o r o p l a s t envelope i n CW15+ c e l l s i n t o 
v e s i c l e s ( f i g u r e 5.8.b.), during the freeze-thaw 
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treatment, may r e s u l t from the c o n c e n t r a t i o n , during phase 
s e p a r a t i o n , of non-lamellar forming l i p i d s . 
I f the formation of IMP-free areas by phase sep a r a t i o n 
induced the non-lamellar- phase, but only i n v o l v e d a 
m i n o r i t y of the l i p i d present i t could favour the 
formation of m u l t i p l e l a m e l l a e , such as the membrane 
stacks witnessed i n s l o w l y cooled CW15+ c e l l s ( f i g u r e 
5.17.b.). Pearce and W i l l i s o n (1985) found i n a study of 
frozen wheat leaves t h a t the iMP-free areas of s e v e r a l 
membranes were sometimes a s s o c i a t e d together i n st a c k s . 
Folded l a y e r s of plasma membrane were sometimes seen to 
c o n t r i b u t e towards these s t a c k s . They suggested tha-t the 
formation of the IMP-free patches i n i t i a t e s or i n v o l v e s 
p r o l i f e r a t i o n and p o s s i b l y f u s i o n of membranes, and during 
or f o l l o w i n g t h i s process the c e l l s become leaky. 
I t seems reasonable to suggest t h a t the f u s i o n seen 
between membranes i n s l o w l y cooled CW15+ c e l l s ( f i g u r e 
5.7.) may r e s u l t from phase separations t a k i n g place i n 
the plane of the membrane. Although no d i r e c t 
i n v e s t i g a t i o n has been c a r r i e d out on membrane 
o r g a n i s a t i o n i n t h i s organism, the dehydration of c e l l s 
which b r i n g s membranes i n t o c l o s e p r o x i m i t y and subj e c t s 
them to high l o c a l s a l t c o n c e n t r a t i o n s , has been 
demonstrated. Changes i n s o l u t e and i o n i c concentrations 
w i l l a l s o a f f e c t the e l e c t r i c a l p r o p e r t i e s of membrane 
su r f a c e s , d i m i n i s h i n g e l e c t r o r e p u l s i v e f o r c e s and 
in c r e a s i n g the p r o b a b i l i t y of membrane f u s i o n s . The 
formation of plasma membrane stacks and regions of 
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membrane f u s i o n seen f o l l o w i n g slow c o o l i n g , and the 
c r e n e l l a t i o n and v e s i c u l a t i o n o c c u r r i n g during c o o l i n g at 
more r a p i d r a t e s ( f i g u r e 5.22.b.&c.) may r e f l e c t the 
degree of phase s e p a r a t i o n allowed to take place under 
d i f f e r e n t c o n d i t i o n s . Small areas of concentrated p r o t e i n s 
or non-lamellar forming l i p i d s c o uld enable 'kinks' to 
occur i n the plasma membrane, r e s u l t i n g i n c r e n e l l a t i o n , 
whereas f u r t h e r phase s e p a r a t i o n i n t o l a r g e r regions r i c h 
i n p r o t e i n s or non-lamellar forming l i p i d s c o uld a l l o w the 
membrane to f o l d back on i t s e l f , r e s u l t i n g i n stacks of 
lay e r e d membrane, or could enable f u s i o n to take place as 
the i n t e g r i t y of adjacent b i l a y e r s would be l o s t . This 
could be r e s o l v e d by the use of free z e f r a c t u r e e l e c t r o n 
microscopy. 
The removal of IMF's which would otherwise maintain 
nonlamellar forming l i p i d s i n the l a m e l l a r phase could 
a l s o r e s u l t i n the formation of membrane v e s i c l e s eg. 
during f r e e z i n g - i n d u c e d shrinkage of higher p l a n t 
p r o t o p l a s t s (Steponkus, 1984). Holes would then a r i s e 
during thawing i f p r o t o p l a s t expansion were too r a p i d f o r 
replenishment of the plasma membrane. This would o b v i o u s l y 
give r i s e to leakage, but more s u b t l e forms of leakage can 
a l s o be envisaged, f o r example i f the membrane 
r e o r g a n i s a t i o n should lead to the r e v e r s a l of t r a n s p o r t 
p r o t e i n s i n the membrane. This could give r i s e to s o l u t e 
l o a d i n g , a process which could lead to the massive 
s w e l l i n g of t h i s organism witnessed by l i g h t microscopy 
(chapter 4). 
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In red blood c e l l s IMF's are te t h e r e d to c y t o s k e l e t a l 
elements such as microtubules and the s p e c t r i n - a c t i n net. 
This system can prevent the formation of IMP-free areas 
when the l i q u i d - c r y s t a l l i n e to g e l phase t r a n s i t i o n takes 
place ( B u l l i v a n t , 1977). Damage to c y t o s k e l e t a l IMP 
t e t h e r i n g systems i n animal c e l l s may induce IMP-free 
patches, v e s i c u l a t i o n , f u s i o n and leakage of ions (eg Hay 
& Hasty, 1979, Deeley & Coakley, 1 9 8 3 , ) . The t e t h e r i n g of 
IMP'S to c y t o s k e l e t a l elements has not yet been 
demonstrated i n p l a n t s . However, Pearce and W i l l i s o n 
(1985) found i n t h e i r system t h a t even when 20-30% of the 
membrane was IMP-free, the IMF's were f a i r l y evenly 
s c a t t e r e d i n other r e g i o n s . They suggested t h a t t h i s 
i n d i c a t e d the t e t h e r i n g of IMF's to c y t o s k e l e t a l elements 
i n the l e a f c e l l s , and tha t a l e s i o n or change i n the 
t e t h e r i n g system might be necessary f o r the expression of 
IMP-free patches. 
I t i s u n l i k e l y t h a t such massive s w e l l i n g c ould occur 
without damage to the c y t o s k e l e t a l system, though there- i s 
no evidence to show at which stage i n the freeze-thaw 
c y c l e the l e s i o n takes p l a c e . The evidence of a l t e r a t i o n s 
to microtubular components of the f l a g e l l a , seen f o l l o w i n g 
f r e e z i n g at 1°C min-^ to -5oC then rewarming to 20°C 
(.figure 5.9.a.&b.) supports the theory t h a t microtubules 
are i n j u r e d during f r e e z i n g and t h a t i n j u r y to the 
microtubular components of the c y t o s k e l e t o n may play a 
r o l e i n the f r e e z i n g response, although these s t r u c t u r e s 
have g e n e r a l l y been considered to be s t a b l e at low 
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temperatures (Morris & C l a r k e , 1987). 
Fujikawa (1987) suggests t h a t i n j u r y a r i s i n g from IMP 
aggregation i s due to d i r e c t membrane to membrane contact 
caused by dehydration. I n j u r y to CW15+ c e l l s at slow 
c o o l i n g r a t e s i s dependent on dehydration r a t h e r than 
temperature. Cooling i n the absence of i c e has. no e f f e c t 
on gross morphology of the plasma membrane ( f i g u r e s 5.15., 
5.23.). The formation of g l a s s s u b s t r a t e - a s s o c i a t e d 
membrane ex t r u s i o n s during f r e e z i n g , and the blebbing 
response on thawing, are both f u n c t i o n s of temperature and 
the d u r a t i o n of e x t r a c e l l u l a r i c e (see chapter 4). 
Membrane a l t e r a t i o n s take the form of l a y e r i n g i n t o stacks 
at a slow c o o l i n g r a t e ( l o C min-^) and l e s s severe 
i n v a g i n a t i o n s at a more r a p i d c p o l i n g r a t e (10°C. min-^ ) , 
which provides s h o r t e r exposure to dehydrating c o n d i t i o n s . 
B l i s t e r s c o n t a i n i n g c l e a r f l u i d have been observed i n 
g l u t a r a l d e h y d e - f i x e d specimens, and suspected to be 
a r t i f a c t s . There i s a tendency f o r these b l i s t e r membranes 
to adhere to one another, p o s s i b l y because they are 
v i r t u a l l y p a r t i c l e - f r e e , with r e s u l t a n t reduced r e p u l s i v e 
charges. Hay and Hasty (1979) found IMP-poor b l i s t e r s to 
be present i n corneal f i b r o b l a s t s f i x e d i n glutaraldehyde 
and formaldehyde, but absent from m a t e r i a l f i x e d i n a 1:1 
mixture of 5% glutaraldehyde and 1% osmium t e t r o x i d e i n 
0.2M sodium cacodylate b u f f e r , or from f r e e z e - f r a c t u r e d 
m a t e r i a l . The f i x a t i v e used i n the present study was a 
mixture of glutaraldehyde and osmium t e t r o x i d e . Osmium 
t e t r o x i d e f i x e s l i p i d s and so reduces membrane f l u i d i t y . 
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preventing subsequent membrane f u s i o n and formation of 
IMP-free patches which may otherwise be induced by 
glutaraldehyde f i x a t i o n . Thus any evidence of membrane 
b l i s t e r s , l a y e r i n g or f u s i o n i s l i k e l y to represent the 
s t a t e of . the membrane p r i o r to f i x a t i o n , a n d not 
a r t i f a c t u a l r e s u l t s of f i x a t i o n . 
There i s no i n d i c a t i o n as to why some c e l l s s w e l l on 
thawing and why, given more severe f r e e z i n g treatment, 
r e h y d r a t i o n l y s i s r e s u l t s . I t i s p o s s i b l e t h a t a 
r e v e r s i b l e i n j u r y to the plasma membrane allows l o a d i n g to 
take place at low temperature i n hypertonic s o l u t i o n s . 
Although t h i s may be r e v e r s i b l e i n that membrane l e s i o n s 
would e f f e c t i v e l y r e s e a l and membrane e x t r u s i o n s would be 
re i n c o r p o r a t e d , t h i s l o a d i n g could l e a d to s w e l l i n g on 
re h y d r a t i o n , and u l t i m a t e l y to c e l l rupture. At lower 
temperatures, i n more concentrated s o l u t i o n s , the i n j u r y 
to the plasma membrane may not be r e v e r s i b l e on thawing. 
I r r e v e r s i b l e d e l e t i o n of membrane c o n s t i t u e n t s could 
r e s u l t i n expansion-induced l y s i s {Steponkus, 1984); l o s s 
of semipermeable p r o p e r t i e s would d i s r u p t the i n t e r n a l 
osmotic balance of the c e l l , causing osmotic s w e l l i n g of 
i n t a c t o r g a n e l l e s on thawing, as seen i n the c h l o r o p l a s t 
and m i t o c h o n d r i a l fragments (eg. f i g u r e 5 . 8 . C . ) . 
Scanning e l e c t r o n microscopy revealed a number of 
c e l l s which appeared to l a c k osmotic responsiveness on 
thawing. However, t h i s suggestion was not backed up by the 
r e s u l t s of tr a n s m i s s i o n e l e c t r o n microscopy. I t i s 
p o s s i b l e that a f u r t h e r form of i n j u r y ( i e . osmotic 
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unresponsiveness, as d e s c r i b e d f o r Rye p r o t o p l a s t s , 
Steponkus, 1984) does e x i s t , but t h a t i n g e n e r a l , f r e e z i n g 
p r o t o c o l s were not severe enough to induce i t . 
Because a l a r g e thermal g r a d i e n t e x i s t s w i t h i n the 1ml 
samples used f o r chemical f i x a t i o n (see chapter 3) a range 
of responses w i l l be shown w i t h i n a c e l l p o p u l a t i o n . 
F o l l o w i n g r a p i d c o o l i n g at 10°C min- i to -10°C, many of 
the c e l l s w i t h i n the r a p i d l y cooled sample w i l l be cooled 
more s l o w l y and to higher subzero temperatures, a l l o w i n g a 
c e r t a i n amount of dehydration and preventing the formation 
of i n t r a c e l l u l a r i c e before the e f f e c t s of osmium 
t e t r o x i d e destroy the osmotic p r o p e r t i e s of the plasma 
membrane. Consequently a number of c e l l s w i t h i n the sample 
e x h i b i t s i m i l a r morphological responses to c e l l s i n 
samples cooled s l o w l y ( f i g u r e 5.29.b.). S i m i l a r l y , i n 
samples f o r EM cooled at 1°C min- i to temperatures which, 
by cryo-LM observations, would be expected to r e s u l t i n 
r e h y d r a t i o n l y s i s , a high percentage.of the p o p u l a t i o n 
would not have been exposed to such severe s t r e s s e s , and 
may e x h i b i t blebhing or show apparent s u r v i v a l on thawing 
( f i g u r e 5.13.). This w i l l e x p l a i n the very mixed 
populations seen by e l e c t r o n microscopy. 
I t should be noted that specimens f i x e d by chemical 
isothermal methods at subzero temperatures, and above zero 
temperatures, were cooled as 1ml samples whereas those 
f i x e d by f r e e z e s u b s t i t u t i o n and by plunge c o o l i n g i n t o 
l i q u i d n i t r o g e n f o r cryo-SEM examination were cooled ais 
3ui samples.' This w i l l a f f e c t the comparison of r e s u l t s . 
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The s m a l l e r samples (3pl) are l i k e l y to respond i n a 
manner p r e d i c t e d by cryo-LM r e s u l t s (chapter 4) whereas 
s u r v i v a l of l a r g e r samples (1ml) i s l i k e l j " ^ to correspond 
with the r e s u l t s of the v i a b i l i t y t e s t s c a r r i e d out i n 
chapter 3. 
Isothermal f r e e z e - f i x a t i o n s u b j e c t s the sample to a 
long exposure at the minimum temperature before f i x a t i o n 
i s complete. I t i s p o s s i b l e t h a t the slow a c t i o n of the 
f i x a t i v e causes d i r e c t i n j u r y to the c e l l s or t h a t i t 
allows more severe f r e e z i n g s t r e s s e s to act on the c e l l . 
Consequently the r e s u l t s obtained by t h i s method may be 
comparable with those r e s u l t i n g from more harsh treatments 
by other methods. Some c e l l s w i t h i n the sample cooled at 
l^C min-1 may have been incapable of b l e b b i n g on thawing 
but would have manifest t h e i r i n j u r y i n the form of 
r e h y d r a t i o n l y s i s . 
I n t e r c e l l u l a r i c e forms i n compressed c e l l c l u s t e r s at 
' r a p i d ' c o o l i n g r a t e s to - 4 o C and - IQoC ( f i g u r e s 5.22.d., 
5.28., 5.29.). These i n t e r c e l l u l a r i c e c r y s t a l s d i s t o r t 
c e l l boundaries and may d i s r u p t plasma membranes. This i s 
p o s s i b l y a cause of i n j u r y a s s o c i a t e d w i t h ' r a p i d ' c o o l i n g 
r a t e s which has not been g e n e r a l l y considered. 
Slow c o o l i n g can r e s u l t i n groups of c e l l s being 
surrounded by a granular matrix, as seen by TEM f o l l o w i n g 
f r e e z e - s u b s t i t u t i o n ( f i g u r e 5.27.b.), and seen- as a 
b l a n k e t - l i k e f i l m ' by SEM f o l l o w i n g i s o t h e r m a l 
f r e e z e - f i x a t i o n ( f i g u r e 5 . 20 . b. &c . ) .• The o r i g i n of t h i s 
granular m a t e r i a l i s not understood. There are three 
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p o s s i b l e e x p l a n a t i o n s , which are not mutually e x c l u s i v e : 
(1) t h a t cytoplasmic contents have s p i l l e d from the c e l l 
f o l l o w i n g rupture of the plasma membrane; (2) that the 
plasma membrane l i p i d has denatured under these c o n d i t i o n s 
and forms a f l a c c i d 'bag' around the c e l l . This suggestion 
i s prompted by the f a c t t h a t a 'bagginess' has sometimes 
been observed i n the cryo l i g h t microscope under 
c o n d i t i o n s which might be expected to r e s u l t i n the 
formation of membrane e x t r u s i o n s . However t h i s would 
suggest t h a t the b i l a y e r s t r u c t u r e was s t i l l i n t a c t and 
should be i d e n t i f i a b l e i n some s e c t i o n s ; (3) th a t the 
contents of the c u l t u r e medium and compounds r e l e a s e d by 
the c e l l s i n t o the surrounding medium during growth have 
become so concentrated by i c e formation or denatured by 
decreased temperatures t h a t they have p r e c i p i t a t e d , 
becoming evident as a granular matrix. 
No s p e c i f i c form of i n j u r y f o l l o w i n g a ' r a p i d 
freeze'-thaw p r o t o c o l can be d i s t i n g u i s h e d from those 
observed' f o l l o w i n g a 'slow freeze'-thaw p r o t o c o l . This i s 
p a r t l y because each sample w i l l c o n t a i n a mixed 
p o p u l a t i o n , i n terms of the s t r e s s e s endured, due to the 
lar g e thermal gradient present. In a d d i t i o n , chemical 
f i x a t i o n may act tod s l o w l y to capture the d i f f e r e n t forms 
of i n j u r y which miight be expected to r e s u l t . Instead, a 
v e s i c u l a t i o n of the c e l l , which may j u s t be a general 
response to a v a r i e t y of d i f f e r e n t s t r e s s e s , i s evident 
( f i g u r e s 5.14.). At 3<>C, during rewarming, i t was hoped 
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that e a r l i e r stages of i n j u r y might be apparent. However, 
the f i x a t i v e w i l l work more s l o w l y at 3° C than at room 
temperature (18-20oC) and t h i s may al l o w i n j u r y to proceed 
towards the stage of d i s r u p t i o n seen at room temperature. 
Reduced temperatures per se appear to have l i t t l e 
e f f e c t on c e l l u l t r a s t r u c t u r e . The damaging e f f e c t s of i c e 
may be i n d i r e c t , through c o n c e n t r a t i o n of the unfrozen 
f l u i d . I t has been demonstrated ( C a f f r e y , 1987) that f o r 
c e r t a i n l i p i d s exposure to low temperature alone may be 
i n s u f f i c i e n t to cause phase changes, but when combined 
with f r e e z i n g , the f l u i d b i l a y e r w i l l be d e s t a b i l i s e d by 
dehydration and thus more prone to undergoing thermotropic 
phase tran s f o r m a t i o n s . The e f f e c t s of h y p e r t o n i c s t r e s s 
can be examined f u r t h e r , by l i g h t microscopy (chapter 6 ) . 
The use of l i g h t and e l e c t r o n microscopes i n 
co n j u n c t i o n with one another provides a v a l u a b l e method of 
i n v e s t i g a t i o n . Whereas the l i g h t microscope can enable 
gross morphological changes to be i d e n t i f i e d , the EM can 
be used to c l a s s i f y these responses f u r t h e r . For example, 
va r i o u s plasma membrane conformations during the 
freeze-thaw treatment can be i d e n t i f i e d and the o r i g i n of 
the membra,ne i n v o l v e d i n blebbing may be proposed. C e l l 
surface co n t a c t s , whether with adjacent c e l l s , i c e 
c r y s t a l s or g l a s s surfaces may a f f e c t c e l l u l a r responses 
to f r e e z i n g . 
The involvement of the c h l o r o p l a s t and mitochondrion 
i n the response to slow c o o l i n g can: be i n v e s t i g a t e d 
f u r t h e r by the use of f l u o r e s c e n t markers i n l i g h t 
microscopy. 
233 

Chapter 6. THE EFFECTS OF FREEZING AND HYPERTONIC STRESS 
ON C REINHARDTII CW15+, AS VIEWED BY LIGHT MICROSCOPY 
CONTENTS 
6.1. Aims 
6.2. Experimental design 
C a l c u l a t i o n of i n t r a c e l l u l a r o s m o l a l i t y 
E f f e c t s of c o n c e n t r a t i o n and type of e x t r a c e l l u l a r 
s o l u t e 
Fluorescence microscopy 
6.3. R e s u l t s 
I n t r a c e l l u l a r o s m o l a l i t y 
E f f e c t s of c o n c e n t r a t i o n and type of e x t r a c e l l u l a r 
s o l u t e 
Fluorescence microscopy 
6.4. D i s c u s s i o n 
234 

THE EFFECTS OF FREEZING AND HYPERTONIC STRESS ON 
C REINHARDTII CW15+, AS VIEWED BY LIGHT MICROSCOPY 
6.1. Aims 
During f r e e z i n g of c e l l suspensions, e x t r a c e l l u l a r 
water i s converted to i c e and consequently the 
e x t r a c e l l u l a r s o l u t e c o n c e n t r a t i o n i n c r e a s e s . Thus at slow 
r a t e s of c o o l i n g the c e l l i s subjected to hypertonic 
s t r e s s e s at low temperature. Damage to CW15+ c e l l s w i l l be 
evident on thawing e i t h e r as blebbing f o l l o w e d by massive 
expansion (chapter 4), re h y d r a t i o n l y s i s (chapter 4) or 
osmotic unresponsiveness (chapter 5). 
I t i s not known whether i n j u r y i s caused as a d i r e c t 
r e s u l t of osmotic s t r e s s e s eg. changes i n pH, i o n i c 
c o n c e n t r a t i o n or c e l l volume r e d u c t i o n , or whether the 
responses are modified by the temperature and the presence 
of i c e . In order to i s o l a t e the e f f e c t s imposed by 
hypertonic exposure osmotic shrinkage and r e h y d r a t i o n can 
be examined at above-zero temperatures. Blebbing of CW15+ 
c e l l s has been observed during exposure to hypertonic 
s o l u t i o n s at room temperature (Ivens, 1985) although other 
forms of i n j u r y were hot described. Wiest and Steponkus 
(1978) used hypertonic s i m u l a t i o n s of f r e e z i n g treatments 
to i n v e s t i g a t e i n j u r y i n higher p l a n t p r o t o p l a s t s , and 
i d e n t i f i e d morphological changes of the plasma membrane i n 
response to hypertonic s t r e s s . These changes were 
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independent of low temperature and i c e formation. Rye 
p r o t o p l a s t s remain s p h e r i c a l during shrinkage and e x h i b i t 
t y p i c a l Boyle van t Hoff behaviour during exposure to 
s o l u t i o n s of 0.35 to 2.75 osmolal. The responses of 
Chlainydomonas reinhardtii CW15+ cannot be measured i n the 
same way because the c h l o r o p l a s t occupies a l a r g e p o r t i o n 
of the c e l l and i s not s p h e r i c a l . Only a small degree of 
shrinkage can take place before d i s t o r t i o n of the c e l l 
occurs, d e s t r o y i n g the r e l a t i o n s h i p between c e l l diameter 
and volume. In C. reinhardtii the i n t r a c e l l u l a r o s m o l a l i t y 
i s r e g u l a t e d by a p a i r of c o n t r a c t i l e vacuoles, which w i l l 
a l s o prevent the c e l l from behaving as an osmometer i n 
hypotonic s o l u t i o n s , and may i n t e r f e r e • w i t h 
i n t e r p r e t a t i o n s of comparative s t u d i e s with higher p l a n t 
p r o t o p l a s t s . The c o n t r a c t i l e vacuoles are a p o s s i b l e s i t e 
of i n j u r y during f r e e z i n g . Their f u n c t i o n i s redundant i n 
hypertonic solutions,, so such i n j u r y would not be expected, 
to become evident u n t i l r e t u r n to i s o t o n i c c o n d i t i o n s , 
when the i n f l u x of x-7ater would not be counterbalanced by 
water e f f l u x through the c o n t r a c t i l e vacuoles. 
Blebbing, as observed i n response to f r e e z i n g , i s 
regarded by some as a general response to s t r e s s (see ch.4 
fo r other r e p o r t s ) . Blebbing of CW15+ c e l l s can be induced 
by exposure to hypertonic s t r e s s at room temperature. An 
i n v e s t i g a t i o n i n t o the response of CW15+ c e l l s to 
hypertonic exposure may help to e l u c i d a t e the events 
l e a d i n g to blebbing and massive s w e l l i n g of the c e l l . As 
undercooling at slow c o o l i n g r a t e s has no. d e t r i m e n t a l 
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e f f e c t s on v i a b i l i t y (chapter 3) or c e l l s t r u c t u r e 
(chapter 5), the presence of i c e , by i t s d i r e c t or 
i n d i r e c t e f f e c t s , must be of great s i g n i f i c a n c e . F r e e z i n g 
i n j u r y at slow r a t e s of c o o l i n g may simply be a response 
to hypertonic s t r e s s e s , but responses to h y p e r t o n i c ! t y 
vary at d i f f e r e n t temperatures (Grout, i n p r e p a r a t i o n ) . 
Freezing s t r e s s cannot, t h e r e f o r e , be d i r e c t l y compared 
with the s t r e s s e s imposed by exposure to a s o l u t i o n of 
equiv a l e n t o s m o l a l i t y at room temperature. Isothermal 
shrinkage:rehydration s t u d i e s tend to overestimate the 
damage which occurs during f r e e z i n g . For example, during 
f r e e z i n g of CW15+ c e l l s at 0.25°C min- i the median l e t h a l 
temperature ( L T 5 0 ) i s -5 . 3 o C , at which temperature they 
would be exposed to a s o l u t i o n e q u i v a l e n t to 1.52 M NaCl. 
At 20°C a 50% re d u c t i o n i n v i a b i l i t y r e s u l t s from exposure 
to and resuspension from 0.24 M NaCl, which i s equiv^alent 
to a s o l u t i o n i n e q u i l i b r i u m w i t h i c e at -0.9<»C (Morris et 
al., 1981). 
However, although r e s u l t s from i s o t h e r m a l 
i n v e s t i g a t i o n s i n t o h ypertonic s t r e s s e f f e c t s cannot be 
used d i r e c t l y to describe events at subzero temperatures, 
i t may a i d our understanding of f r e e z i n g i n j u r y to 
i d e n t i f y the s i t e s of i n j u r y caused by osmotic s t r e s s . 
When c o n s i d e r i n g hypertonic' s t r e s s i t i s important to 
remember tha t permeating and non-permeating compounds of 
the same o s m o l a l i t y may not e l i c i t the same response. I t 
may be of value to i n v e s t i g a t e the e f f e c t s of both, i n 
a d d i t i o n to using the c u l t u r e medium which was employed as 
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the suspending medium f o r f r e e z i n g experiments. The 
c u l t u r e medium w i l l c o n t a i n a mixture of permeating and 
non-permeating compounds. 
E l e c t r o n microscope observations have l e d to the 
suggestion that membrane o r i g i n a t i n g i n the c h l o r o p l a s t 
and mitochondrion may be i n v o l v e d i n the i n j u r y response 
seen as blebbing on thawing. Further i n v e s t i g a t i o n by 
fluorescence, microscopy may confirm or dispute t h i s . 
The response, of an e n t i r e c e l l w i l l be a sum of the 
responses of the i n d i v i d u a l o r g a n e l l e s which make up the 
c e l l , and the i n t e r a c t i o n s between t h e m O r g a n e l l e s may 
have d i f f e r e n t i n t e r n a l o s m o l a l i t i e s and t h e i r , membrane 
systems have d i f f e r e n t p r o p e r t i e s so i t i s only to be 
expected that they w i l l d i f f e r i n t h e i r i n d i v i d u a l 
s e n s i t i v i t i e s to the s t r e s s e s i n v o l v e d i n hypertonic 
exposure and f r e e z i n g treatments. 
Morris et aJ.(1985) found t h a t h y p e r t o n i c (<300 
mOsmol) exposure to non-permeating compounds r e s u l t e d i n 
fragmentation of the mitochondrion, but hypertonic 
exposure to permeating compounds r e s u l t e d i n uniform 
s t a i n i n g of the c e l l contents. 
A general i n v e s t i g a t i o n i n t o the responses of CW15+ 
c e l l s to exposure to permeating and non-permeating 
compounds at a range of c o n c e n t r a t i o n s , from hypotonic to 
hypertonic may provide answers to the f o l l o w i n g 
questions:-
(1) Does i n j u r y r e s u l t from exposure to a s o l u t i o n of 
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c r i t i c a l o s m o l a l i t y ? 
(2) How does t h i s compare with the i n t r a c e l l u l a r 
o s m o l a l i t y ? 
(3) I s there an upper o s m o l a l i t y l i m i t , above which 
blebbing w i l l not take place? (the m a n i f e s t a t i o n of i n j u r y 
at these concentrations may be comparable to r e h y d r a t i o n 
l y s i s or osmotic unresponsiveness). 
(4) Does blebbing occur under (a) hypertonic c o n d i t i o n s 
only, (b) on r e t u r n to i s o t o n i c f o l l o w i n g hypertonic 
s t r e s s , or (c) under hypotonic c o n d i t i o n s ? 
(5) What i s the involvement of i n d i v i d u a l o r g a n e l l e s ? 
6.2. Experimental design. 
6.2.1. C a l c u l a t i o n of i n t r a c e l l u l a r o s m o l a l i t y . 
I n t r a c e l l u l a r o s m o l a l i t y can be c a l c u l a t e d by b u r s t i n g 
a known volume of c e l l s i n a known volume of medium of 
known o s m o l a l i t y and measuring the r e s u l t a n t change i n 
o s m o l a l i t y , as described below: 
100ml of day 5 c u l t u r e i s concentrated roughly lOOX by 
c e n t r i f u g a t i o n . 
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0.5ml sample i s removed (then d i l u t e d 5X f o r ease of 
counting) and the number of c e l l s present i s c a l c u l a t e d , 
using a haemocytometer s l i d e . 
0.5ml of concentrated c e l l sample i s added to 4.5ml 
d i s t i l l e d water. 
The o s m o l a l i t y of a sample of d i s t i l l e d water i s 
measured wi t h an osmometer to be 0 Osmol. 
The d i l u t e d c e l l sample i n a 10ml p l a s t i c c e n t r i f u g e 
tube i s twice dipped i n t o l i q u i d n i t r o g e n and he l d f o r 10 
seconds then rewarmed under the hot tap. 
5pl i s examined with a l i g h t microscope to check th a t 
a l l c e l l s have ruptured. 
The o s m o l a l i t y of the sample i s measured with an 
osmometer. 
6.2.2. E f f e c t s of c o n c e n t r a t i o n and type of e x t r a c e l l u l a r 
s o l u t e . 
F i v e s o l u t e s were t e s t e d , namely sodium c h l o r i d e (M.W. 
= 58.44), mannitol (M.W. = 182.17), sucrose (M.W. = 
342.3), polyethylene g l y c o l (M.W. = 6,000) and c u l t u r e 
medium (See chapter 2 f o r contents of c u l t u r e medium). 
For each solute,' CW15+ c e l l s were exposed to a range 
of o s m o l a l i t i e s , from. 45 mOsmol. upwards, and observed by 
l i g h t microscopy. Mean c e l l diameter was c a l c u l a t e d from 
measurements made on micrographs. Samples i n which 
shrinkage was accompanied by d i s t o r t i o n were not measured. 
A record was made of the o s m o l a l i t i e s at which c e r t a i n 
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phenomena occurred i n each s o l u t e . These phenomena were as 
described below: 
(1) A r r e s t of c o n t r a c t i l e vacuole o p e r a t i o n . One member of 
a p a i r of c o n t r a c t i l e vacuoles can be h e l d i n focus and 
co n t i n u o u s l y observed as i t repeatedly f i l l s and 
discharges i t s . contents ( f i g u r e 6 . 2 . a^ .) . The o s m o l a l i t y at 
which a r r e s t occurs can be assumed to be equal to that of 
the cytoplasm surrounding the vacuole. 
(3) Shrinkage accompanied by d i s t o r t i o n . The round to 
ovoid o u t l i n e of i n d i v i d u a l c e l l s i s not preserved as 
shrinkage progresses. The plasma membrane in v a g i n a t e s and 
whole c e l l s o f t e n take on a wedge-shaped form. 
(4) Blebbing and massive s w e l l i n g . Shrinkage may be 
f o l l o w e d by s w e l l i n g and the formation of membrane bl e b s . 
(5) Rapid l y s i s of c e l l s . This term i s used to d e s c r i b e 
the r a p i d expansion and d i s i n t e g r a t i o n of c e l l s , f o l l o w i n g 
an i n i t i a l , s h o r t - l i v e d , shrinkage response. 
In a d d i t i o n , c e l l s were suspended i n d i s t i l l e d water 
to i n v e s t i g a t e the response to hypotonic c o n d i t i o n s . 
6.2.3.. Fluorescence microscopy. 
The involvement of the c h l o r o p l a s t and mitochondrion 
i n the blebbing response were i n v e s t i g a t e d by fluorescence 
microscopy. The c h l b r o p l a s t was observed by t a k i n g 
advantage of i t s n a t u r a l 'autofluorescence'; the 
m i t o c h o n d r i a l network was s t a i n e d with e i t h e r of the 
f l u o r e s c e n t dyes rhodamine 123 or DiOC7(3) (see 'materials 
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and methods', chapter 2) . 
Samples were observed by fluorescence microscopy 
during f r e e z i n g and thawing and during exposure to 
hypertonic c o n d i t i o n s . 
Previous r e p o r t s of s t r u c t u r a l m o d i f i c a t i o n s of the 
mitochondrion r e s u l t i n g from hypertonic s t r e s s i n v o l v e d 
the use of 300 mOsmol.kg-^ KCl (Morris et al. , 1985).' This 
treatment, as described below, was repeated f o r comparison 
with treatments known to induce b l e b b i n g . 
1) C e l l s suspended f o r 5 mins i n 300 mOsmol.kg-i K C l , then 
resuspended i n c u l t u r e medium f o r 5 mins. 
Experimental treatments, chosen f o r t h e i r a b i l i t y to 
provoke the blebbing response, were as f o l l o w s : 
2) Freeze/thaw treatment. Cooled at 1°C min-i to C, 
rewarmed at SO^C min-i to O^C, h e l d f o r 0.5 minutes, 30°C 
min-i to 20°C. 
3) Hypertonic exposure. Suspended i n 6 38 mOsmol.kg-^ NaCl, 
J,1I0 mOsmol.kg-1 g l y c e r o l or 765 mOsmol.kg-1 c u l t u r e 
medium f o r three minutes. 
6.3. R e s u l t s 
6.3.1. I n t r a c e l l u l a r o s m o l a l i t y . 
(1) 'Known volume of c e l l s ' 
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C a l c u l a t i o n s , using a haemocytometer s l i d e r e v e a l the 
number of c e l l s i n a t r a n s f e r r e d 0.5ml sample 
= 77.2 X 106 c e l l s i n 0.5ml. 
Assuming s p h e r i c a l c e l l shape the volume, of a s i n g l e 
average c e l l i s "4/3 TT r^ " . 
The r a d i u s of a t y p i c a l c e l l i s 4.7 5 jum 
r3=107um irra =336 . 2ium 
4/3 n r 3 = 448.2ium3 
The volume of c e l l s present i n a 0.5ml sample i s 
77.2 X 106 X 448.2um3 = 34 . 6 m m 3 
= 34.6 X 10-3ml 
(2) 'Known volume of medium' 
The volume, i n c l u d i n g the i n t r a c e l l u l a r volume of the 
c e l l s , i s 5ml. 
(3) 'Known o s m o l a l i t y of medium' 
When 0.5ml of concentrated c e l l sample i s added to 
4.5ml d i s t i l l e d water, some c u l t u r e medium i s t r a n s f e r r e d 
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with the c e l l s . . The volume of c u l t u r e medium w i l l be equal 
to 0.5ml minus the volume of c e l l s present. 
0.5ml - 0.0346ml = 0.4654ml 
The c o n t r i b u t i o n which t h i s c u l t u r e medium w i l l make 
to the f i n a l o s m o l a l i t y i s equal to the o s m o l a l i t y of the 
c u l t u r e medium, d i v i d e d by (the f i n a l volume, d i v i d e d by 
the volume of the c u l t u r e medium). 
45 mOsmol. / (5ml / 0.4654ml) =4.19 mOsmol.kg"' 
(4) F i n a l o s m o l a l i t y of medium 
The f i n a l o s m o l a l i t y i s measured by the osmometer to 
be 9 mOsmol.kg"* 
(5) C a l c u l a t e d i n t r a c e l l u l a r o s m o l a l i t y 
The i n t r a c e l l u l a r o s m o l a l i t y can be c a l c u l a t e d by 
appl y i n g the f o l l o w i n g equation, assuming c e l l water 
content to be 80% (Robards & S l e y t r , 1985): 
( ( f i n a l o s m o l a l i t y - i n i t i a l o s m o l a l i t y ) X f i n a l volume)^ / 
0.8 X i n i t i a l c e l l volume = i n t r a c e l l u l a r o s m o l a l i t y 
= ((9 - 4.19) X 5) / 0.8 X 0.0346 = 869 mOsmol .kg""' 
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This would depress the f r e e z i n g p o i n t by 869 X 1.86 = 
1 .6° C 
The osmometer can only measure changes i n the order of 
1 mOsmol.kg-1. Therefore a readout of 9 mOsmol.kg-^ 
i n d i c a t e s t h a t the o s m o l a l i t y could have been between 8.5 
and 9.5 mOsmol.kg-i. 
Thus the i n t r a c e l l u l a r o s m o l a l i t y of the c e l l s can 
onlj"- be determined w i t h i n a range. 
( (8 .5 - 4.19) X 5) / 0.028 = 769.64 mOsmol.kg-i 
( (9 .5 - 4 .19) X 5) / 0.028 = 948.2 mOsmol.kg-i 
769.64 X 1.86 = 1.43oC 
948.2 X 1.86 = 1.7600 
The i n t r a c e l l u l a r o s m o l a l i t y of the c e l l s i s between 
769.64' and 948.20 raOsmol.kg-i, which would depress the 
f r e e z i n g p o i n t of the protoplasm by 1.43 to 1 .76oC. 
6 . 3 . 2 . E f f e c t s of co n c e n t r a t i o n and type of e x t r a c e l l u l a r 
s o l u t e 
R e s u l t s are presented d i a g r a m a t i c a l l y i n f i g u r e 6 . 1 . 
C o n t r a c t i l e vacuole a c t i o n ( f i g u r e 6 . 2 .a. & b.) was 
ar r e s t e d a t o s m o l a l i t i e s between 75 ( c u l t u r e medium) and 
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Figure 6.1 L.M.observations of C.reinhardtii CW15*samples suspended in solutions of different osmolality 

FIGURE 6.2. 
(a) A c o n t r a c t i l e vacuole i s evident i n t h i s c e l l i n 
C u l t u r e medium at 45 mOsmol.kg-
XI,600 
(b) The apparent disappearance of the c o n t r a c t i l e vacuole 
occurs as i t discharges i t s contents. 
XI,600 
(c) C e l l s i n d i s t i l l e d water. Large, vacuoles appear i n the 
cytoplasm. 
XI, 600 
(d) A f t e r 10 minutes i n d i s t i l l e d water blebbing occurred. 
Xi,600 
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200 mOsmol.kg-1 (mannitol, polyethylene g l y c o l ) . F o l l o w i n g 
a r r e s t of c o n t r a c t i l e vacuole o p e r a t i o n shrinkage was 
accompanied hj d i s t o r t i o n . 
Blebbing was observed to begin at concentrations 
between 67 5 mOsmol.kg-i (sodium c h l o r i d e ) and 865 
mOsmol.kg-1 (mannitbl). No blebbing occurred i n 
polyethylene g l y c o l at concentrations up to 2 Osmol.kg-^ 
Rapid l y s i s took place i n sucrose at 1.01 Osmol.kg-^, 
mannitol at 1.08 O s m o l . k g - c u l t u r e medium at 1.5 
Osmol.kg-i, and sodium c h l o r i d e at 1.64 Osmol.kg-^. 
6.3.3. Fluorescence microscopy. 
1) Exposure to 300 mOsmol.kg-i K C l . 
During shrinkage m i t o c h o n d r i a l fluorescence was s t i l l 
evident as a network but fragmentation occurred on 
resuspension i n the hypotonic c u l t u r e medium (45 
mOsmol.kg-i). These smaller s t r u c t u r e s are o f greater 
diameter than the mitochondria i n c o n t r o l c e l l s ( f i g u r e 
6.3.). 
2) Slow c o o l i n g t o , and rewarming from, -5°C. 
During some runs c e l l s d i s i n t e g r a t e d unexpectedly. 
This was p o s s i b l y the r e s u l t of a t o x i c e f f e c t of the dye 
i n c o n j u n c t i o n with the f r e e z i n g treatment. 
While c e l l s were i n the shrunken c o n d i t i o n , 
m i t o c h o n d r i a l fluorescence was evident as s h o r t e r , t h i c k e r 
lengths, l y i n g adjacent to the plasma membrane. These 
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FIGURE 6.3. 
C e l l s s t a i n e d w i t h rhodamine 123. 
(a) C o n t r o l c e l l s . The m i t o c h o n d r i a l network i s evident. 
X3,400 
(b) Fol l o w i n g exposure to 300 mOsmol.kg-^ K C l , the 
mitochondrion has fragmented. 
X3,400 
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b r i g h t areas of fluorescence c o i n c i d e d w i t h - p r o t r u s i o n s of 
the c e l l s u r f a c e . During rewarming and r e s u l t a n t blebbing, 
densely s t a i n i n g c e l l contents remained c l u s t e r e d at one 
edge of the bleb. A f l u o r e s c e n t membrane formed the bleb. 
Both these e f f e c t s can be seen i n samples during 
rewarming,. as some c e l l s s t a r t to s w e l l w h i l s t others are 
s t i l l rounding up from the shrunken c o n d i t i o n ( f i g u r e 
6.4. ) . 
3) Hypertonic exposure 
Blebbing w i l l take place under hypert o n i c c o n d i t i o n s , 
even without a r e t u r n to the hypotonic c u l t u r e medium 
w i t h i n which t h i s c e l l normally e x i s t s . 
In e a r l y stages of blebbing, small b l i s t e r s form at 
the c e l l s u r f a c e . These b l i s t e r s e x h i b i t the green 
fluorescence which i n d i c a t e s the presence of m i t o c h o n d r i a l 
membrane ( f i g u r e 6.5.a.). 
In l a t e r stages i t i s common to see one huge b l i s t e r 
with the cytoplasmic contents enclosed. The cytoplasm 
r e t a i n s contact with the surrounding membrane i n one 
region of the b l i s t e r only ( f i g u r e . 6.5.b.). The 
surrounding membrane e x h i b i t s green f l u o r e s c e n c e . Swollen 
c e l l s can e x i s t f o r s e v e r a l minutes i n t h i s swollen form 
before d e f l a t i o n or detachment of the surrounding membrane 
occurs. Samples cannot be c o n t i n u o u s l y examined during 
t h i s time as fluorescence from both the c h l o r o p l a s t and 
the mitochondrion fade, so observations can only be made 
from f r e s h areas of the sample. These observations show 
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FIGURE 6.4. 
C e l l s w e l l i n g f o l l o w i n g c o o l i n g at 1°C min- i to -5°C. 
(a) The f l u o r e s c e n t l a b e l DiOC?(3) r e v e a l s mitochondria as 
s h o r t e r , t h i c k e r u n i t s than i n c o n t r o l samples. Blebbing 
membrane e x h i b i t s f l u o r e s c e n c e . 
XI,500 
(b) B r i g h t f i e l d image of the same f i e l d of view as i n 
(a). Some c e l l movement has taken p l a c e . 
XI, 500 
Comparison of the two micrographs r e v e a l s t h a t 
m i t o c h o n d r i a l segments are s i t u a t e d -in rounded 
protruberances of non-swollen c e l l s (arrows). 
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that green fluorescence from the mitochondrion becomes 
confined to small patches and the surrounding membrane of 
the b l i s t e r f l u o r e s c e s red ( f i g u r e 6 . 5 . C i ) . At t h i s stage, 
blebbing of the t h y l a k o i d membrane w i t h i n the main b l i s t e r 
may commence ( f i g u r e 6 . 5 . C . ) . 
The swollen c e l l may s l o w l y c o l l a p s e or the 
surrounding miembrane may detach ( f i g u r e 6.6.a.}. Further 
s w e l l i n g of the c h l o r o p l a s t t h y l a k o i d membrane system, as 
described i n s e c t i o n 6.3.2. i s not seen c l e a r l y by 
fluorescence microscopy, although v e s i c l e s of c h l o r o p l a s t 
membrane, i d e n t i f i e d by red autofluorescence of the 
c h l o r o p h y l l , are seen i n samples of ruptured c e l l s ( f i g u r e 
6.6.a.). Ruptured c e l l s can e x i s t i n two forms. E i t h e r the 
f l a c c i d .chloroplast i s surrounded by fragments of 
mitochondrion, s t i l l e x h i b i t i n g green fluorescence ( f i g u r e 
6.6.b. & c . ) , or the autbfluorescence of the c h l o r o p l a s t 
i s a l l that i s evident ( f i g u r e 6 . 6 . C . ) . The g l a r e produced 
by t h i s autofluorescence d r a s t i c a l l y reduces the 
r e s o l u t i o n of the image ( f i g u r e 6.6.). 
6.4. D i s c u s s i o n 
Massive s w e l l i n g , beginning as ble b b i n g , has now been 
observed f o l l o w i n g . f r e e z i n g and during exposure to 
hypertonic s o l u t i o n s . I t i s assumed th a t an increase i n 
i n t r a c e l l u l a r s o l u t e s occurs as the e x t r a c e l l u l a r s o l u t i o n 
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FIGURE 6 . 5 . 
C e l l s w e l l i n g during hypertonic exppsure. 
i 
1 
(a) Small blebs at the c e l l s urface e x h i b i t green, 
fluor e s c e n c e , due to the presence of the m i t o c h o n d r i a l 
s t a i n DiOCv(3). 
X2,000 
(b) Massive s w e l l i n g f o l l o w i n g blebbing i s enclosed by 
membrane s t a i n e d with DiOC?(3). 
X2,000 
(c) In l a t e r stages of s w e l l i n g D i O C ? ( 3 ) - l a b e l l e d membrane 
i s confined to small patches. Swollen c e l l s are enclosed 
by red f l u o r e s c e n t membrane of the t h y l a k o i d system. 
X2,000 
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FIGURE 6.6. 
C e l l s w e l l i n g during hypertonic exposure. 
(a) DiOCv ( 3 ) - l a b e l l e d membrane i s i n v o l v e d i n blebbing. 
X2,000 
(b&c) Ruptured c e l l s e x h i b i t patches of D i O C v ( 3 ) - l a b e l l e d 
membrane or may be only i d e n t i f i e d by autofluorescence of 
the c h l o r o p l a s t . 
X2,000 
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becomes more concentrated, and that t h i s leads to an 
i n f l u x of water. I t i s not known whether t h i s increase i s 
achieved by a c t i v e l o a d i n g mechanisms, by breakdown of 
c e l l contents or by passive d i f f u s i o n . By comparing the 
c r i t i c a l e x t r a c e l l u l a r c o n c e n t r a t i o n at room temperature 
with t h a t determined by the c r i t i c a l temperature during 
f r e e z i n g , the p o s s i b i l i t y t h a t passive d i f f u s i o n accounts 
f o r the increase ca.n be examined. I f the process l e a d i n g 
to blebbing at room temperature can be l i n k e d to t h a t 
process at subzero temperatures by a Qio between 2 and 3 
then i t might be assumed to be a chemical process r a t h e r 
than a r e s u l t of mechanical changes.. 
Blebbing at room temperature r e s u l t s from exposure to 
770 mOsmol c u l t u r e medium (the average value f o r a l l 
s o l u t e s t e s t e d i s 796+92). As c e l l s were t r a n s f e r r e d 
d i r e c t l y to f i n a l c o ncentrations of hypertonic s o l u t i o n s 
at room temperature, values from f r e e z i n g experiments, 
taken f o r comparison, must be from the most r a p i d c o o l i n g 
treatments. The f a s t e s t c o o l i n g treatment to avoi d 
i n t r a c e l l u l a r i c e and r e s u l t i r i b l e b bing i s 1 °C min-^ . At 
t h i s c b o l i n g r a t e >50% blebbing r e s u l t s from c o o l i n g to 
-5°G, so the c r i t i c a l c o n c e n t r a t i o n i s c a l c u l a t e d to be 
approximately 5 /1 .86 = 2.7 Osmol kg- i. Reduced 
p e r m e a b i l i t y at - 5 ° C can be c a l c u l a t e d . Hincha' (1986) 
c a l c u l a t e d the Q:o f o r the p e r m e a b i l i t y of sucrose across 
t h y l a k o i d membranes to be 2.89 above 0 ° C and 2.67 at 
subzero temperatures. 
At -5oC i t can be expected t h a t the p e r m e a b i l i t y at 
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room temperature (20oC) w i l l be reduced by 2.89 X 2.89 X 
2 .67 /2 = 1 1 . 1 5 . ( i e . reduced by a Qio of 2.89 between 20 
and 1 0 ° C , by a f u r t h e r 2.89 between 10 and 0 ° C , and by 
h a l f the subzero Qxo of 2.67 between 0 and - 5 ° C ) . I f the 
pe r m e a b i l i t y i s reduced by a f a c t o r of 11 .15 , the 
o s m o l a l i t y which might be expected to r e s u l t i n blebbing 
w i l l be increased by 11 .15 , i e . 0.770 X 11.15 = 8 .6 
Osmol.kg - i . This i s the o s m o l a l i t y of the unfrozen 
s o l u t i o n at ^\6: PC, Thus i t naatj feE- necessary to propose 
methods by which membrane p e r m e a b i l i t y i s a l t e r e d to 
ex p l a i n the r e s u l t s . These c a l c u l a t i o n s i n d i c a t e t h a t the 
process l e a d i n g to blebbing-rnoyiCl"be a passive d i f f u s i o n 
mechanism. 
The case of f r e e z i n g and thawing w i l l be considered 
f i r s t . I f the process l e a d i n g to blebbing i s the passive 
d i f f u s i o n of s o l u t e s from high e x t r a c e l l u l a r 
concentrations i n t o the c e l l , the warming r a t e s used maj' 
have been too r a p i d f o r the reverse process to take place 
from the c e l l during thawing. Loading may continue to take 
place i n t o the c e l l at slower warming r a t e s , depending on 
how r a p i d l y e q u i l i b r i u m i s reached. The warming r a t e w i l l 
be c r i t i c a l between the temperature at which the c e l l 
contains most s o l u t e s and OoC. I f d i f f u s i o n of s o l u t e s out 
from the c e l l i s not r a p i d enough, i n f l u x of water to 
achieve an osmotic e q u i l i b r i u m w i l l cause the c e l l to 
s w e l l beyond i t s o r i g i n a l volume. 
i f f u s i o n has taken place between o r g a n e l l a r membrane 
and plasma membrane then t h i s continuum of membrane 
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m a t e r i a l may be i n v o l v e d i n blebbing as the c e l l s w e l l s . 
A l t e r n a t i v e l y , i f i n t r a c e l l u l a r membrane i s not available," 
or i f i r r e v e r s i b l e d e l e t i o n of membrane has occurred 
during shrinkage, l y s i s w i l l take place on reexpansion, 
witnessed as r e h y d r a t i o n l y s i s on thawing, or r a p i d l y s i s 
on exposure to hypertonic s t r e s s . 
However, during exposure of c e l l s to hypertonic 
s o l u t i o n s at room temperature blebbing and r a p i d l y s i s are 
not dependent on r e h y d r a t i o n and there i s some evidence 
that blebbing can begin during f r e e z i n g before thawing 
begins (Chapter 4, t a b l e 4.9., Grout & M o r r i s , unpublished 
o b s e r v a t i o n s ) . 
I t may be suggested t h a t the i n i t i a t i n g f a c t o r i n the 
blebbing response i s not the d i f f u s i o n of s o l u t e s i n t o the 
c e l l but the d i f f u s i o n of water out from the c e l l . I t i s 
p o s s i b l e t h a t a c r i t i c a l l e v e l of dehydration may t r i g g e r 
the witnessed responses, as a r e s u l t of mechanical 
s t r e s s e s during shrinkage or 'solute e f f e c t s ' 
d e s t a b i l i s i n g membrane and c y t o s k e l e t a l systems. The lack 
of f u r t h e r response f o l l o w i n g shrinkage i n PEG 6000 
suggests t h a t some s o l u t e permeation i n t o the c e l l i s 
re q u i r e d The plasma membrane can be expected to be more 
permeable to molecules of lower molecular weight, and 
f i g u r e 6.1. shows that the s o l u t i o n o s m o l a l i t y at which 
c e l l s w e l l i n g f i r s t takes place i s lower f o r low molecular 
weight s o l u t i o n s . The s o l u t i o n o s m o l a l i t y at which r a p i d 
l y s i s takes place i s higher f o r low molecular weight 
s o l u t i o n s , suggesting t h a t t h i s process i s r e l a t e d to 
257 

shrinkage. This supports the theory t h a t membrane d e l e t i o n 
during shrinkage causes l y s i s on re-expansion. 
The c a l c u l a t e d i n t r a c e l l u l a r o s m o l a l i t y of 870 
mOsmol.kg-1 r e f e r s to an average o s m o l a l i t y throughout the 
e n t i r e c e l l . C e l l shrinkage and a r r e s t of c o n t r a c t i l e 
vacuole operation occurred at o s m o l a l i t i e s above about 100 
mOsmol., suggesting that t h i s i s the o s m o l a l i t y of the 
cytoplasm. I t i s p o s s i b l e t h a t i n d i v i d u a l o r g a n e l l e s are 
able to maintain independent o s m o l a l i t i e s and tha t these 
are higher than t h a t of the cytopla,sm. Many s o l u t e s are 
compartmentalised i n d i f f e r e n t o r g a n e l l e s by the use of 
s p e c i f i c membrane pumps, but the p o s s i b i l i t y of or g a n e l l e s 
maintaining d i f f e r e n t osmotic pressures has not been a 
t o p i c of enquiry. U l t r a s t r u c t u r a l s t u d i e s have revealed 
i c e c r y s t a l s of . d i f f e r e n t s i z e s w i t h i n d i f f e r e n t 
o r g a n e l l e s of the same c e l l , the l a r g e r c r y s t a l s p o s s i b l y 
r e s u l t i n g from the f r e e z i n g of more d i l u t e s o l u t i o n s 
(Robards & Wilson, personal communication). However, i t i s 
fr e q u e n t l y the vacuole of a p l a n t c e l l which e x h i b i t s the 
l a r g e s t cry s t a l s ' . As the p r o b a b i l i t y of i c e n u c l e a t i o n 
increases with compartment s i z e (Hobbs, 1974), the 
vacuole, being the l a r g e s t o r g a n e l l e i n the c e l l , i s 
l i k e l y to freeze f i r s t and hence e x h i b i t l a r g e r i c e 
c r y s t a l s . Iri the preparation^* of these CW15+ c e l l s f o r 
e l e c t r o n microscopy, s w e l l i n g of the t h y l a k o i d membranes 
occurs under c o n d i t i o n s which apparently preserve the 
s t r u c t u r e of the ground cytoplasm. F i x a t i o n c o n d i t i o n s 
under . which the p a r a l l e l arrangement of the t h y l a k o i d 
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membranes i s r e t a i n e d cause shrinkage of other cytoplasmic 
c o n s t i t u e n t s and i n f o l d i n g of the plasma membrane. I t 
might be assumed from these observations t h a t the 
o s m o l a l i t y w i t h i n the c h l o r o p l a s t i s higher than that of 
the surrounding cytoplasm. 
Both the c h l o r o p l a s t and the mitochondrion are 
surrounded by a double membrane system. The outer 
m i t o c h o n d r i a l membrane and the outer l a y e r of the 
c h l o r o p l a s t envelope are both h i g h l y permeable, whereas 
the inner m i t o c h o n d r i a l membrane and the inner l a y e r of 
the c h l o r o p l a s t envelope are extremely impermeable and are 
s i t e s of s e l e c t i v e a c t i v e t r a n s p o r t . I f the osmotic 
p o t e n t i a l of these o r g a n e l l e s i s more negative ( i e . the 
o s m o l a l i t y i s higher) than t h a t of the surrounding 
cytoplasm, the water p o t e n t i a l must be h e l d i n e q u i l i b r i u m 
by a r a i s e d pressure p o t e n t i a l . This might be considered 
u n l i k e l y , as the pressure would have to be maintained by 
the c h l o r o p l a s t envelope and c y t o s k e l e t o n . I f t h i s were 
the case, bulges of membrane might be expected to be seen 
between p o i n t s of attachment of the cytoskeleton,'- whereas 
the contours of the c h l o r o p l a s t envelope are q u i t e smooth. 
No r e p o r t s have been found concerning the o s m o l a l i t i e s 
of i n d i v i d u a l o r g a n e l l e s , although Hincha and Schmitt 
(1988) used an a r t i f i c i a l stroma medium of 390 mOsmol. f o r 
experiments with i s o l a t e d t h l a k o i d s . The c a l c u l a t e d 
average c e l l o s m o l a l i t y of870 mOsmol.kg-i i s unexpectedly 
high. The method by which the average c e l l o s m o l a l i t y was 
determined may have given an i n a c c u r a t e l y high value by 
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causing d i s s o c i a t i o n of molecules i n t o increased numbers 
of o s m o t i c a l l y a c t i v e p a r t i c l e s , 
Blebbihg occurs when the o s m o l a l i t y of the 
e x t r a c e l l u l a r s o l u t i o n exceeds approximately 700 
mOsmol.kg-1, This c r i t i c a l o s m o l a l i t y appears to t r i g g e r 
s w e l l i n g i n the mitochondrion i n i t i a l l y , f ollowed by l a r g e 
s w e l l i n g i n v o l v i n g membrane from the c h l o r o p l a s t too. At 
e x t r a c e l l u l a r o s m o l a l i t i e s i n the reg i o n of 1200 
mOsmol,kg-i r a p i d l y s i s of c e l l s . o c c u r s , This phenomenon 
resembles the r e h y d r a t i o n l y s i s witnessed by l i g h t 
microscopy f o l l o w i n g severe slow c o o l i n g treatments. The 
term ' r a p i d l y s i s ' i s used to de s c r i b e a r a p i d s w e l l i n g 
accompanied by rupture and s p i l l a g e of c e l l contents. This 
s w e l l i n g i n v o l v e s the c h l o r o p l a s t immediately, i n c l u d i n g 
the t h y l a k b i d system, i n c o n t r a s t to the much slower 
process of blebbing i n which i t i s thought th a t t h y l a k o i d s 
are i n i t i a l l y surrounded by c l e a r f l u i d - c o n t a i n i n g 
b l i s t e r s . 
The. c h l o r o p l a s t and mitochondrion may be s e n s i t i v e to 
a c r i t i c a l l e v e l of c e l l u l a r d e hydration/solute 
c o n c e n t r a t i o n . The o r g a n e l l a r membranes may be more 
permeable to s o l u t e s than the plasma membrane. For 
example, the t h y l a k o i d membrane i s known to be h i g h l y 
impermeable yet the p e r m e a b i l i t y c o e f f i c i e n t f o r sucrose 
across spinach l e a f t h y l a k o i d s i s over 4 times greater 
than the p e r m e a b i l i t y c o e f f i c i e n t f o r sucrose across the 
plasma membrane of spinach mesophyll p r o t o p l a s t s (Hincha, 
1986). I f lo a d i n g i s t a k i n g place under hypertonic 
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c o n d i t i o n s , i t may be doing so across membranes from 
cytoplasm to o r g a n e l l e r a t h e r than from e x t r a c e l l u l a r 
s o l u t i o n to cytoplasm. Solute i n f l u x i n t o i s o l a t e d 
t h y l a k o i d s has been reported during f r e e z i n g , l e a d i n g to 
s w e l l i n g and p o s s i b l e rupture on thawing (Schmitt et al., 
1985, Hincha & Schmitt, 1988). 
I t has already been mentioned t h a t s o l u t e s are not 
evenly d i s t r i b u t e d throughout the c e l l , but are 
compartmentalised. As dehydration occurs, c o n c e n t r a t i o n 
gradients become steeper, l e a d i n g to r e d i s t r i b u t i o n by 
d i f f u s i o n . A l t e r n a t i v e l y , the membrane of an o r g a n e l l e may 
s u f f e r from t r a n s i e n t l e a k i n e s s , a l l o w i n g s o l u t e i n f l u x 
during dehydration (Jensen & Oettmeier, 1984). Water 
i n f l u x i n t o a compartment may be necessary to maintain 
osmotic e q u i l i b r i u m and t h i s would l e a d to s w e l l i n g of an 
org a n e l l e even without a r e t u r n to i s o t o n i c or hypotonic 
c o n d i t i o n s . That o r g a n e l l a r membrane may rupture on 
s w e l l i n g i s demonstrated by fluo r e s c e n c e microscopy, 
showing the fragmentation of the mitochondrion i n t o 
s h o r t e r lengths of greater diameter, f o l l o w i n g treatment 
with 300 mOsmol. K C l . F o l l o w i n g more severe hypertonic 
s t r e s s f u s i o n w i t h other membrane systems allows 
mitochondrial membrane to be i n v o l v e d i n blebbing. Rupture 
and v e s i c u l a t i o n of the c h l o r o p l a s t envelope on 
reexpansion has been demonstrated by e l e c t r o n microscopy, 
as has membrane f u s i o n l e a d i n g to the involvement of t h i s 
o r g a n e l l e i n blebbing (chapter 5). 
The r e s u l t s from fluorescence microscopy .must be 
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t r e a t e d w i t h c a u t i o n . The green and r e d fluorescence seen 
q u i t e d i s t i n c t l y i n the surrounding membrane of swollen 
c e l l s c o u l d have been a r e s u l t of r e f l e c t i o n from the 
b r i g h t l y f l u o r e s c e n t membranes i n s i d e the b l i s t e r . In 
order to e l i m i n a t e such an e f f e c t i t would be necessary to 
suspend swollen c e l l s i n a medium of the same, r e f r a c t i v e 
index as the i n t e r n a l s o l u t i o n of the swollen C e l l s . This 
would be d i f f i c u l t to c a r r y out because i t i s an unknown 
value and i s l i k e l y to vary depending on the extent of 
s w e l l i n g . However, i n support of the value of these 
r e s u l t s , some c e l l s were seen to e x h i b i t green 
fluorescence of the surrounding membrane w h i l s t i n t e r n a l 
contents e x h i b i t e d only red fluorescence which was not 
r e f l e c t e d by the e x t e r n a l membrane. 
As the red autofluorescence of c h l o r o p l a s t s comes from 
the c h l o r o p h y l l molecules i n the t h y l a k o i d system, i n i t i a l 
stages of blebbing, which f l u o r e s c e green, may i n v o l v e 
n o n - f l u o r e s c i n g membrane m a t e r i a l of the c h l o r o p l a s t 
envelope which contains no c h l o r o p h y l l , i n a d d i t i o n to 
g r e e n - f l u o r e s c i n g m i t o c h o n d r i a l membrane. R e d - f l u o r e s c i n g 
membrane i n v o l v e d i n l a t e r stages of blebbing must 
o r i g i n a t e i n the t h y l a k o i d system. 
Foll o w i n g exposure to hypertonic s o l u t i o n s blebbing 
took place w i t h no requirement f o r a r e t u r n to hypotonic 
c o n d i t i o n s , whereas blebbing r e s u l t i n g from f r e e z i n g 
treatments g e n e r a l l y became evident f o l l o w i n g thawing. I t 
may be-that the p h y s i c a l presence of i c e around c e l l s 
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prevented s w e l l i n g i n the fr o z e n c o n d i t i o n . 
Morris et a i . (1985) found t h a t v i a b i l i t y of CW15+ 
c e l l s upon resuspension from hypertonic s o l u t i o n s of 
non-penetrating or s l o w l y permeating a d d i t i v e s i s 
dependent on the o s m o l a l i t y and r e l a t i v e l y independent of 
the nature of the s o l u t i o n . A steep drop i n v i a b i l i t y was 
evident at o s m o l a l i t i e s around 700 mOsmol. i e . at 
concentrations which have been shown here to r e s u l t i n 
blebbing. The more r a p i d l y permeating compounds 
dimethylsulphoxide, ethylene g l y c o l and methanol became 
c y t o t o x i c only at higher o s m o l a l i t i e s (Morris et a i . , 
1985), which suggests that a c r i t i c a l l e v e l of dehydration 
was i n v o l v e d i n c e l l i n j u r y . 
Shrinkage and r e h y d r a t i o n i n s o l u t i o n s of g l y c e r o l or 
potassium c h l o r i d e of l e s s than 300 raOsmol. r e s u l t e d i n 
fragmentation of the mitochondria i n t o s maller s t r u c t u r e s 
of greater diameter than the mitochondria i n . , c o n t r o l 
c e l l s , i n agreement with the r e s u l t s of t h i s study. This 
process was r e v e r s i b l e w i t h i n one hour of r e t u r n to 
i s o t o n i c c o n d i t i o n s . At concentrations of KCl and g l y c e r o l 
higher than 500 mOsmol. an o v e r a l l d i f f u s i o n of 
fluorescence was observed w i t h i n the c e l l s . Upon 
resuspension i n i s o t o n i c medium the uniform s t a i n i n g 
remained and mitochondria were not apparent. These were 
c o n d i t i o n s which might be expected to induce blebbing. 
However, i n the present study, although such c o n d i t i o n s 
r e s u l t e d i n l e s s d i s t i n c t f l u o r e s c e n c e i n the shrunken 
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c o n d i t i o n , i t could not be des c r i b e d as uniform. In the 
swollen c o n d i t i o n fluorescence from the DiOC7(3) s t a i n was 
emitted most b r i g h t l y from membrane systems, and i n the 
d i s i n t e g r a t e d c o n d i t i o n was r e s t r i c t e d to membrane 
v e s i c l e s and membranous d e b r i s d i s t i n c t from the 
c h l o r o p l a s t t h y l a k o i d membrane (the only other 
i d e n t i f i a b l e o r g a n e l l e ) . I t can only be s t a t e d that t h i s 
f luorescence remained s p e c i f i c i n so f a r as i t d i d not 
l a b e l the t h y l a k o i d membranes. 
Morris et a i . ( 1985) a l s o looked at CW15+ c e l l s 
subjected to freeze-thaw treatments, hy c o o l i n g at 0.25oC 
min-1 to -1, -3, -5 and -10°C. No fragmentation was 
evident even though at -5 and -10°C extensive damage and 
l o s s of v i a b i l i t y occurs. Damage was evident as uniform 
s t a i n i n g . By c o n t r a s t , i n the present study, f r e e z i n g and 
thawing was shown to r e s u l t i n morphological a l t e r a t i o n s . 
In the shrunken c o n d i t i o n i t i s not p o s s i b l e to t e l l 
whether fragments of mitochondria are completely separated 
from each other but short segments of the mitochondrion 
s w e l l and are seen as f l u o r e s c e n t protruberances ( f i g u r e 
6.5.). In the swollen c o n d i t i o n , membrane i n v o l v e d i n 
blebbing e x h i b i t s f l u o r e s c e n c e . 
I t appears, t h e r e f o r e , t h a t shrinkage i n s o l u t i o n s 
below 300 mOsmol. f o l l o w e d by r e h y d r a t i o n i n i s o t o n i c 
medium causes a r e v e r s i b l e fragmentation of the 
mitochondrion and l e s s than 50% l o s s i n v i a b i l i t y (Morris 
et ai.., 1985., s e c t i o n 6.3.3., above). Shrinkage i n 
s o l u t i o n s above 5-700 mOsmOl. r e s u l t s i n i n d i s t i n c t 
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morphologial changes of the mitochondrion and severe 
l o s s e s of v i a b i l i t y , . 
The f o l l o w i n g sequence of events can be proposed to 
take place during exposure of CW15+ c e l l s to hypertonic 
s o l u t i o n s , at room temperature or during f r e e z i n g : 
(1) Increase i n e x t r a c e l l u l a r s o l u t e c o n c e n t r a t i o n up to 
300 mOsmol kg-i causes c e l l shrinkage and concomitant 
increase i n i n t r a c e l l u l a r s o l u t e c o n c e n t r a t i o n . This leads 
to unregulated a c t i o n of membrane pumps i n the 
mi t o c h o n d r i a l inner membrane, r e s u l t i n g i n s o l u t e l o a d i n g 
i n t o the mitochondrion. Water i n f l u x to achieve 
e q u i l i b r i u m w i l l cause s w e l l i n g of the mitochondrion, 
evident as fragmentation i n t o t h i c k e r segments by 
fluorescence microscopy. This damage may be r e v e r s i b l e on 
r e t u r n to hypotonic c o n d i t i o n s . 
(2) I f e x t r a c e l l u l a r s o l u t e concentrations exceed 300 
mOsmol kg-1, i n i t i a l shrinkage w i l l be more severe, 
b r i n g i n g membranes of the c h l o r o p l a s t envelope and the 
mitochondrion i n t o c l o s e p r o x i m i t y with each other and 
with the plasma membrane. This could a l l o w f u s i o n during 
subsequent expansion of o r g a n e l l e s . As the e x t r a c e l l u l a r 
s o l u t i o n approaches 800 mOsmol kg-1' the loa d i n g process 
i n t o the mitochondrion speeds up, r e s u l t i n g i n r a p i d 
s w e l l i n g of the mitochondrion. As there may be c o n t i n u i t y 
between the m i t o c h o n d r i a l membrane, c h l o r o p l a s t envelope 
and plasma membrane, these swollen mitochondria may be 
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evident as blebs at the c e l l s u r f a c e . The use of 
f l u o r e s c e n t dyes can i d e n t i f y the presence of inner 
m i t o c h o n d r i a l membrane components i n the i n i t i a l blebs. 
C h l o r o p h y l l - c o n t a i n i n g t h y l a k o i d memb>ranes do not form 
part of the i n i t i a l b lebbing membrane system, but pa r t s of 
the c h l o r o p l a s t envelope, which w i l l not be evident by 
c h l o r o p h y l l f l u o r e s c e n c e , and which may have fused with 
the m i t o c h o n d r i a l membrane and plasma membrane, may be 
invol v e d . 
(3) These events might be fo l l o w e d , as a r e s u l t of time or 
increased e x t r a c e l l u l a r s o l u t e Concentrations, by 
unregulated s o l u t e l o a d i n g and water i n f l u x i n t o the 
t h y l a k o i d system. S w e l l i n g of the c h l o r o p l a s t w i t h i n a 
blebbing c e l l has been observed by c r y o - l i g h t microscopy 
(chapter 4) and by l i g h t microscopy of c e l l s i n hypertonic 
s o l u t i o n s and i n d i s t i l l e d water ( f i g u r e 6 .2.d & e ) . 
Swollen c e l l s e x h i b i t i n g an e x t e r n a l membrane which 
f l u o r e s c e s red may be swollen c h l o r o p l a s t s which no longer 
r e t a i n t h e i r envelopes or the plasma membrane and 
cytoplasm which normally surround them. 
I t i s suggested, therefore> t h a t i n j u r y i s i n i t i a t e d 
by a c r i t i c a l c o n c e n t r a t i o n of c e l l contents which occurs 
i n order to maintain an e q u i l i b r i u m with the unfrozen 
p o r t i o n of the e x t r a c e l l u l a r medium, together with an 
i n f l u x of e x t r a c e l l u l a r s o l u t e s . Thus i n j u r y may be 
avoided by undercooling the e n t i r e sample. CW15+ c e l l s are 
able to undercool to approximately -28oC when suspended i n 
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an o i l emulsion (Franks et al., 1983). 
The blebbing response to suspending c e l l s i n d i s t i l l e d 
water supports the theory t h a t membrane v e s i c u l a t i o n can 
occur as a general response to s t r e s s (Morris & Grout, 
1984). Blebbing occurred on exposure to d i s t i l l e d water on 
the microscope stage but not i n a t e s t tube,, suggesting 
that hypotonic s t r e s s alone was i n s u f f i c i e n t to i n i t i a t e 
the response although i t may have increased s u s c e p t i b i l i t y 
to damage by other f a c t o r s , p o s s i b l y l i g h t or heat. 
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Chapter 7. GENERAL DISCUSSION 
The mechanisms of f r e e z i n g i n j u r y at the c e l l u l a r 
l e v e l are s t i l l a subject of debate ( L e v i t t , 1962, 
Meryman, 1966, Mazur et a J . , 1972, Ashwood-Smith & 
Far r a n t , 1980, Steponkus, 1984, Grout & M o r r i s , 1987). I t 
i s u n l i k e l y t h a t there i s a s i n g l e primary i n j u r y i n v o l v e d 
and the combination of events which r e s u l t from l e t h a l 
f r e e z i n g s t r e s s i s l i k e l y to vary between c e l l types and 
d i f f e r e n t f r e e z i n g p r o t o c o l s . Mazur et a J . (1972) proposed 
that there i s an optimal c o o l i n g r a t e f o r each organism 
and that the s t r e s s e s causing i n j u r y at suboptimal c o o l i n g 
r a t e s w i l l be d i f f e r e n t from those operating at r a t e s 
above the op t i m a l . Confirmation that there i s such an 
optimal c o o l i n g r a t e f o r C reinhardtii i s given i n 
chapter 3. The optimal c o o l i n g r a t e g r a d u a l l y s h i f t s to 
higher values as the minimum temperature i s lowered and 
the s t r e s s e s a s s o c i a t e d with e x t r a c e l l u l a r f r e e z i n g and 
a t t r i b u t e d to ' s o l u t i o n e f f e c t s ' ( i e . s o l u t e 
c o n c e n t r a t i o n , changes i n pH and r e d u c t i o n i n c e l l volume) 
become more severe. 
I n t r a c e l l u l a r i c e formation, to which i n j u r y at r a p i d 
c o o l i n g r a t e s i s a t t r i b u t e d , can be observed as black 
f l a s h i n g by l i g h t microscopy. Figure 7.1. shows how l o s s 
of v i a b i l i t y at c o o l i n g r a t e s above the optimal (data from 
chapter 3) i s r e l a t e d to an increase i n the incidence of 
black f l a s h i n g i n the c e l l sample (data from chapter 4). 
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9 incidence of black flashing 
during cooling to -5°C 
P incidence of black flashing 
during cooling to -20°C 
viability following 
cooling to -5°C 
Cooling rate [°Cmin~'] 
Figure 7.1 The relationship between intracellular ice 
formation and viability following freezing 
and thawing of C.reinhardtii CW1S"*" 
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I t i s not a simple matter to evaluate r e d u c t i o n i n 
c e l l volume i n an organism which does not remain s p h e r i c a l 
during shrinkage. Although no d i r e c t data has been 
obtained, the magnitude of the s t r e s s e s exerted on a c e l l 
sample at slow c o o l i n g r a t e s can be estimated. The p a t t e r n 
of v i a b i l i t y l o s s and i n t r a c e l l u l a r i c e formation are 
drawn diagrammatically from r e s u l t s given i n chapters S> 
and iir in f i g u r e 7.2. f o r three subzero temperatures. From 
these, the p a t t e r n of s t r e s s by s o l u t e e f f e c t s has been 
de r i v e d . V i a b i l i t y l o s s at subopftmsl c o o l i n g r a t e s i s 
•depicted as a curve f o l l o w i n g the l e f t hand side of the 
v i a b i l i t y curve. Although the percentage of c e l l s a f f e c t e d 
by i n t r a c e l l u l a r i c e increases with drop i n temperature, 
i n t r a c e l l u l a r i c e formation i s r e l a t i v e l y independent of 
c o o l i n g r a t e above a c r i t i c a l v a lue. 'Solution e f f e c t s ' , 
on the other hand, might be expected to be d i r e c t l y 
r e l a t e d to c o o l i n g r a t e and minimum temperature. Although 
the i n t r a c e l l u l a r o s m o l a l i t y determines a f r e e z i n g 
temperature c l o s e to -1.6°C, the mean i n t r a c e l l u l a r i c e 
n u c l e a t i o n temperature i s - 8 . 5 +4.6°C. This suggests that 
although a c r i t i c a l l e v e l of undercooling i s t y p i c a l f o r 
i n t r a c e l l u l a r contents to f r e e z e , the mechanism which 
allows i n t r a c e l l u l a r i c e c r y s t a l l i s a t i o n , which may be a 
membrane l e s i o n , i s a temperature-dependent process, 
o c c u r r i n g mainly between -S^C and -20^0 (data from chapter 
4). The slope of the l e f t s i d e of the curve r e v e a l s a 
r e l a t i o n s h i p between i n t r a c e l l u l a r f r e e z i n g and c o o l i n g 
r a t e below t h a t c r i t i c a l value, demonstrating a s l i g h t 
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v a r i a t i o n i n response w i t h i n the p o p u l a t i o n . 
The. damaging e f f e c t s of i n t r a c e l l u l a r i c e have never 
been adequately explained. Steponkus et al, (1983) suggest 
th a t i n t r a c e l l u l a r i c e i s a m a n i f e s t a t i o n of i n j u r y i n 
higher p l a n t p r o t o p l a s t s , forming as a r e s u l t of damage to 
the plasma membrane. Other forms which i n j u r y may take i n 
t h i s p r o t o p l a s t system are l o s s of osmotic responsiveness 
during c o o l i n g , expansion-induced l y s i s during warming or 
a l t e r e d osmometric behaviour; a l l forms of i n j u r y which 
are a consequence, of changes to the s t r u c t u r e and f u n c t i o n 
of the plasma membrane (Steponkus, 1985), suggesting the 
plasma membrane as the primary s i t e of i n j u r y i n t h i s 
system. 
Freezing i n j u r y to C. r e i n h a r d t i i CW15+ may a l s o be 
manifest i n a number of ways, depending on the s e v e r i t y of 
the f r e e z i n g treatment ( f i g u r e 7.3.). I n j u r y i s not 
evident during the c o o l i n g phase of the f r e e z i n g p r o t o c o l , 
although c e r t a i n morphological changes have been -observed 
by l i g h t and e l e c t r o n microscopy. C e l l shrinkage i s 
accompanied by f o l d i n g and l a y e r i n g of the plasma membrane 
(chapter 5). The l a y e r e d stacks of membrane at and beneath 
the surface are presumably r e i n c o r p o r a t e d during 
reexpansion of the c e l l on thawing as such s t r u c t u r e s have 
only been observed i n shrunken c e l l s . The tendency of the 
plasma membrane to form e x t r u s i o n s a g a i n s t the g l a s s cover 
s l i p i n the l i g h t microscope (chapter 4) might have been 
mistakenly c o r r e l a t e d with the formation of te t h e r e d 
spheres i n acclimated higher p l a n t p r o t o p l a s t s , had the 
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FIGURE 7.3. 
A proposed s e r i e s of events l e a d i n g to massive s w e l l i n g or 
l y s i s of C. r e i n h a r d t i i CW15+, f o l l o w i n g f r e e z i n g or 
hypertonic s t r e s s . ' 
(a) C. reinhardtii CW15+ c e l l p r i o r to f r e e z i n g , shown i n 
diagrammatic, s i m p l i f i e d form. ; 
(b) During f r e e z i n g , or on exposure to hypertonic 
s o l u t i o n s , c e l l shrinkage occurs. Membranes of the 
c h l o r o p l a s t , mitochondrion and plasma membrane are drawn 
c l o s e l y together, and the plasma membrane f o l d s i n t o 
s t a c k s . 
(c) Re-expansion occurs on thawing, or as a r e s u l t of 
so l u t e loading during continued hypertonic exposure. 
Regions of c l o s e l y apposed membrane are p o t e n t i a l s i t e s of 
membrane" f u s i o n . 
(d) Following s o l u t e l o a d i n g , water uptake to maintain 
e q u i l i b r i u m c o n d i t i o n s causes the c e l l to s w e l l beyond i t s 
o r i g i n a l volume. Or g a n e l l a r membrane i s inco r p o r a t e d i n t o 
the plasma membrane to a l l o w the massive increase i n 
surface area. 
(e) The t h y l a k o i d system s w e l l s w i t h i n the c e l l , and may 
continue to s w e l l a f t e r the c e l l membrane has ruptured. 
(f) F o l l o w i n g more severe f r e e z i n g / h y p e r t o n i c s t r e s s , 
i r r e v e r s i b l e d e l e t i o n .of membrane may occur during 
shrinkage, so tha t membranes rupture on re-expansipn. 
(g) Thylakoids remain i n t a c t and s w e l l r a p i d l y , causing 
f u r t h e r d i s r u p t i o n of the surrounding c e l l components. 
Only i f - the t h y l a k o i d membranes are damaged, preventing 
t h i s sV'felling, w i l l c e l l s be c l a s s e d as o s m o t i c a l l y 
unresponsi"ve. 
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cryo SEM not been used as a complementary technique to 
cryo LM i n v e s t i g a t i o n s . I t has been re v e a l e d i n chapter 5 
that these e x t r u s i o n s of the plasma membrane only formed 
i n contact w i t h the g l a s s surface of the cover s l i p , 
perhaps i n d i c a t i n g a change i n the adhesive p r o p e r t i e s of 
the membrane as a r e s u l t of f r e e z i n g . 
The membranes of the c h l o r o p l a s t and mitochondrion 
w i l l s u f f e r from s i m i l a r s t r e s s e s to those imposed on the 
plasma membrane during f r e e z i n g . While the c e l l i s i n a 
shrunken c o n d i t i o n these three membrane systems w i l l be 
forced i n t o c l o s e p r o x i m i t y . The e l e c t r o r e p u l s i v e f o r c e s 
which normally operate between adjacent membranes may b,e 
reduced by l a t e r a l r e d i s t r i b u t i o n of membrane components 
or by the e f f e c t s of s o l u t e c o n c e n t r a t i o n changes, 
a l l o w i n g membrane t o membrane contact to take p l a c e . On 
thawing, two f a c t o r s may c o n t r i b u t e towards membrane 
f u s i o n ; f i r s t l y , reexpansion of c e l l compartments w i l l 
push adjacent membranes even c l o s e r together (Lucy & 
Ahkong, 1986), and secondly, patches of membrane with high 
concentrations of non - b i l a y e r forming l i p i d s , created by 
l a t e r a l phase separations during f r e e z i n g , w i l l become 
unstable as the membrane components pass through t h e i r 
t r a n s i t i o n temperatures (Quinn, 1985). 
The f i r s t l e t h a l s t r e s s e s to be encountered during 
f r e e z i n g w i l l r e s u l t i n blebbihg f o l l o w e d by huge s w e l l i n g 
on thawing. S w e l l i n g can take place during hypertonic 
s t r e s s at room temperature (chapter 6) and i s not 
dependent on r e t u r n to hypotonic c o n d i t i o n s . This suggests 
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t h a t some type of breakdown mechanism i s i n c r e a s i n g the 
number of o s m o t i c a l l y a c t i v e p a r t i c l e s i n the c e l l or i n 
one or more compartments of the c e l l . However, the absence 
of t h i s response on exposure to hypertonic s o l u t i o n s of 
polyethylene g l y c o l (molecular weight = 6,000) i n d i c a t e s 
t h a t d i f f u s i o n of e x t r a c e l l u l a r s o l u t e s i n t o the c e l l i s 
necessary. As subsequent d i l u t i o n of the e x t r a c e l l u l a r 
medium i s not r e q u i r e d i n order to e l i c i t t h i s response, 
a c t i v e pumping mechanisms must move s o l u t e p a r t i c l e s 
against a c o n c e n t r a t i o n g r a d i e n t i n t o the c e l l . In order 
to achieve osmotic e q u i l i b r i u m , water molecules would 
f o l l o w , l e a d i n g to c e l l s w e l l i n g . 
The plasma membrane cannot be expected to s t r e t c h 
s u f f i c i e n t l y to account f o r the huge increase i n surface 
area. C e l l s commonly s w e l l to a diameter of 20 jum or more. 
This must i n v o l v e an increase i n surface area by 300%. The 
l i m i t of e l a s t i c expansion of the plasma membrane of 
i s o l a t e d p l a n t p r o t o p l a s t s has been c a l c u l a t e d as 2-3% 
(Wolfe &, Steponkus, 1981) and t h i s value might be assumed 
to be s i m i l a r f o r CW15+ c e l l s . The surrounding membrane of 
swollen c e l l s e v i d e n t l y does not wholly o r i g i n a t e i n the 
plasma membrane; EM observations (chapter 5) and the 
r e s u l t s of fluorescence microscopy (chapter 6) suggest 
that i n c o r p o r a t i o n of m i t o c h o n d r i a l and c h l o r o p l a s t 
membrane i n t o the plasma membrane, by f u s i o n , allows f o r 
the apparent expansion of the plasma membrane. The plasma 
membrane does not rupture u n t i l l a t e stages of t h i s 
response but the i n t e g r i t y of the i n d i v i d u a l compartments 
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of the c e l l w i l l be l o s t as f u s i o n or v e s i c u l a t i o n of the 
oi-ganellar membranes takes p l a c e . The d e s t r u c t i o n of 
s p a t i a l r e l a t i o n s h i p s w i t h i n the c e l l i n d i c a t e s l o s s of 
o r g a n i s a t i o n of the c y t o s k e l e t o n . An a s s o c i a t i o n between 
c y t o s k e l e t a l breakdown and v e s i c u l a t i o n , as i n ble b b i n g , 
has been suggested (Morris & Grout, 1984). This could be 
in v e s t i g a t e d , by the use of immunofluorescence techniques 
(Doonan & G r i e f , 1987). 
The second s e r i e s of l e t h a l s t r e s s e s to be encountered 
during f r e e z i n g at slow c o o l i n g r a t e s w i l l r e s u l t i n 
re h y d r a t i o n l y s i s on thawing. In t h i s response, c e l l l y s i s 
occurs i n e a r l y stages of reexpansion. The p h y s i c a l 
m a n i f e s t a t i o n of i n j u r y , as has been observed on the 
cryomicroscope (chapter 4) and during hypertonic exposure 
on a l i g h t microscope (chapter 6) takes place extremely 
r a p i d l y . The c e l l , as i t begins to s w e l l , i s bounded by an 
apparently i n t a c t plasma membrane. Before the o r i g i n a l 
c e l l diameter i s a t t a i n e d , membrane rupture result.s i n the 
expulsion of c e l l contents. The term 'rehydration l y s i s ' 
was adopted on i d e n t i f i c a t i o n of t h i s form of i n j u r y 
f o l l o w i n g f r e e z i n g . I t may be an i n a p p r o p r i a t e term, 
bearing i n mind th a t t h i s response i s a l s o seen during 
exposure to hypertonic s o l u t i o n s , i e . during reexpansion 
caused by .solute l o a d i n g r a t h e r than by r e h y d r a t i o n i n a 
hypotonic medium. The response may be compared wi t h 
expansipn-induced l y s i s , as described f o r higher p l a n t 
p r o t o p l a s t s (Steponkus & Wiest, 1979). Expansion-induced 
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l y s i s i s . a s c r i b e d to i r r e v e r s i b l e d e l e t i o n of plasma 
membrane c o n s t i t u e n t s by i n t r a c e l l u l a r v e s i c u l a t i o n during 
shrinkage, causing l y s i s of the plasma membrane during 
subsequent reexpansion on thawing. I t i s p o s s i b l e that 
r e h y d r a t i o n l y s i s r e s u l t s from a s i m i l a r d e l e t i o n process 
of the plasma membrane during shrinkage, but, no evidence 
has been provided to s u b s t a n t i a t e t h i s theory. I t seems 
l i k e l y t h a t the i n s t a b i l i t y of membrane s t r u c t u r e which 
can lead to f u s i o n , w i l l cause mechanical breakdown 
f o l l o w i n g exposure to more severe hypertonic stress.' The 
s w e l l i n g which i n i t i a t e s the breakdown may r e s u l t from the 
same loading mechanism which operates at higher 
temperatures, or i n lower o s m o l a l i t y s o l u t i o n s . Thus these 
two forms of i n j u r y probably r e s u l t from the same 
s t r e s s e s , e x e r c i s e d to d i f f e r e n t degrees. 
A l i m i t e d i n v e s t i g a t i o n revealed no d i f f e r e n c e i n the 
response of dark-grown CW15+ to slow f r e e z i n g compared 
with light-grown CW15+ (chapter 4 ) , d e s p i t e g r e a t l y 
reduced t h y l a k o i d systems (see chapter 5). The e f f e c t s of 
f r e e z i n g at slow c o o l i n g r a t e s at the s u b c e l l u l a r l e v e l 
could be assessed by experimentation with i s o l a t e d 
mitochondria and c h l o r o p l a s t s , and wit h c e l l s grown i n the 
dark f o r longer periods to reduce the t h y l a k o i d system 
s t i l l f u r t h e r . With h i n d s i g h t i t can be seen th a t the EM 
specimen p r e p a r a t i o n procedure which was chosen was not 
i d e a l because i t r e s u l t e d i n d i l a t i o n of the t h y l a k o i d 
system, which may have obscured e a r l y signs of i n j u r y . The 
inner membranes of the mitochondrion and the c h l o r o p l a s t 
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are r e l a t i v e l y impermeable compared to the outer ones 
( A l b e r t s et al., 1983), but an i n s t a b i l i t y of the membrane 
caused by low temperatures or high i n t r a c e l l u l a r 
o s m o l a l i t i e s could d i s r u p t membrane s t a b i l i t y . This could 
perhaps a f f e c t pumping systems causing excessive l o a d i n g 
i n t o an o r g a n e l l e f o l l o w e d by osmotic i n f l u x of water. 
Unregulated lo a d i n g by membrane pumps could be caused by 
membrane p e r t u r b a t i o n s r e s u l t i n g from changes i n c a t i o n 
c o n c e n t r a t i o n and proton g r a d i e n t s . The response of a c e l l 
to a f r e e z i n g p r o t o c o l w i l l thus be determined by the 
r e a c t i o n s of the var i o u s compartments w i t h i n . 
The formation of gas bubbles may p l a y a major r o l e i n 
the cause or m a n i f e s t a t i o n of i n j u r y at c o o l i n g r a t e s 
above 1°C min-^. Gas bubbles are assumed to cause gross 
damage to c e l l s on contact (Dick, 1955). Damage from 
e x t r a c e l l u l a r gas bubbles i s manifest as i n t r a c e l l u l a r i c e 
formation (chapter 4 ), e i t h e r by a l l o w i n g seeding of i c e 
across a membrane l e s i o n or by thigmotropic h u c l e a t i o n . 
Therefore, gas bubbles may be considered as a c o n t r i b u t o r y 
to the incidence of i n t r a c e l l u l a r i c e formation i n a 
popu l a t i o n of c e l l s and not j u s t a r e s u l t (Steponkus & 
Dowgert, 1981). I n t r a c e l l u l a r gas bubble formation w i l l 
r e s u l t from f r e e z i n g of the i n t r a c e l l u l a r s o l u t i o n . 
The s i g n i f i c a n c e of" these r e s u l t s to p r a c t i c a l 
c r y o p r e s e r v a t i o n i s the in f e r e n c e t h a t m u l t i p l e f a c t o r s 
are at work (Steponkus, 1985, Grout & M o r r i s , 1987) and 
that a s i n g l e organism, such as an i s o l a t e d p l a n t 
p r o t o p l a s t or a w a l l - l e s s a l g a l u n i c e l l , cannot be assumed 
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to be r e p r e s e n t a t i v e of p l a n t c e l l s i n general. The s e r i e s 
of i n j u r i e s which have been demonstrated i n t h i s study 
may, as a whole, be unique to t h i s organism although 
s i m i l a r i t i e s can be found w i t h i n d i v i d u a l forms of i n j u r y 
i n other organisms. Each of the forms of i n j u r y i d e n t i f i e d 
i n higher p l a n t p r o t o p l a s t systems may have a p a r a l l e l i n 
the a l g a l system i n v e s t i g a t e d here, although no i n j u r y 
analogous to blebbing f o l l o w e d by massive s w e l l i n g has 
been observed i n higher p l a n t p r o t o p l a s t s . A s u c c e s s f u l 
c r y o p r e s e r v a t i o n p r o t o c o l must avo i d each of the s t r e s s e s 
as they are encountered i n the f r e e z i n g p r o t o c o l . 
Cryopreservation s t r a t e g i e s have evolved which e n t a i l 
manipulation of the c o o l i n g p r o t o c o l to avoid the 
formation of i n t r a c e l l u l a r i c e and the use of v a r i o u s 
c r y o p r o t e c t i v e a d d i t i v e s to minimise the " s o l u t i o n 
e f f e c t s " . " S o l u t i o n e f f e c t s " i n t h i s case appear to a f f e c t 
the membrane systems of the c e l l , f i r s t by a f f e c t i n g 
p e r m e a b i l i t y and a l l o w i n g s o l u t e l o a d i n g to take place 
(which may be a r e v e r s i b l e p r o c e s s ) , and second by 
a l l o w i n g f u s i o n or v e s i c u l a t i o n to take place on expansion 
(which i s i r r e v e r s i b l e , enabling huge s w e l l i n g or causing 
immediate r u p t u r e ) . C o n s i d e r a t i o n should be given to the 
e f f e c t s of d i s s o l v e d gases coming out of s o l u t i o n during 
f r e e z i n g . Degassing c r y o p r o t e c t a n t s o l u t i o n s p r i o r to 
treatment should reduce these damaging e f f e c t s . 
The mechanisms of f r e e z i n g i n j u r y i n t h i s organism may 
be f u r t h e r e l u c i d a t e d by i n v e s t i g a t i n g the e f f e c t s of 
f r e e z i n g s t r e s s e s on i n d i v i d u a l c e l l components, i e . on 
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the c y t o s k e l e t o n and membrane-bound o r g a n e l l e s . With that 
b a s i c i n f o r m a t i o n , the e f f e c t s of the i n t e r a c t i o n of t h e i r 
responses, on the c e l l as a whole, could be evaluated. 
In a p p l i c a t i o n s of c r y o p r e s e r v a t i o n to a l g a l 
biotechnology i t i s c l e a r t h a t more fundamental work on 
a l g a l c e l l s i s r e q u i r e d , as the l a r g e r backgound of 
informati o n on higher p l a n t c e l l s w i l l be l i m i t e d i n 
usefulness. 
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APPENDIX 1. GROWTH CURVE OF CHLAMYDOMONAS REINHARDTII 
ewi5+ 
Growth curve data was obtained by counting c e l l s w i t h 
a haemocytometer. Counts and pH measurements were taken at 
the same time d a i l y ; the r e s u l t s are p l o t t e d on the curve 
i n f i g u r e A.1.1, a g a i n s t age of c u l t u r e . There are three 
phases through which c u l t u r e growth passes over the seven 
days f o l l o w i n g t r a n s f e r to f r e s h medium, c a l l e d the l a g 
phase, exponential phase and s t a t i o n a r y phase, as l a b e l l e d 
on the graph. 
C e l l samples are taken when the c u l t u r e i s 5 days o l d 
i e . at the beginning of the s t a t i o n a r y phase. 
The pH of the c u l t u r e v a r i e s w i t h age, r i s i n g from-6.9 
at day 0 to 9.0 at day 7. This i s probably due to n i t r a t e 
uptake from the medium by c e l l s (Lewin, 1962). 
The chemical s u p p l i e r s used were as f o l l o w s : 
Sodium Acetate 
(May & Baker) 
Beef E x t r a c t 
(Oxoid, Lab-lemco 
powder) 
Yeast e x t r a c t 
(Oxoid) 
Tryptone 
(Oxoid) 
Anhydrous CaCl2 (BDH) 
( i n s o l i d medium- agar (Sigma) 
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I 
S u b s t i t u t i n g Sigma yeast e x t r a c t f o r Oxoid yeast 
e x t r a c t r e s u l t e d i n an extended l a g phase of growth. D i f c o 
bacto-agar r e s u l t s i n lower CW15+ colony counts than the 
use of Sigma agar but has no apparent e f f e c t on the growth 
of 320. Bearing these f a c t s i n mind i t was considered 
prudent not to change chemical s u p p l i e r s during the term 
of the p r o j e c t . 
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• = cell no. ml"'of light-grown culture 
o = pH of light grown culture 
A = cell no.mr'of dark-grown culture 
4 = pHof dark grown culture 
2 4 6 
Age of culture [days] 
Figure A.1.1 Growth curve of Chlamydomonas 
reinhardtii CW15+ 
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APPENDIX 2 . SPECIMEN PREPARATION FOR ELECTRON MICROSCOPY 
The model organism used i n t h i s study, i e . 
C.reinhardtii CW15+, i s a w a l l - l e s s mutant and hence i s 
e f f e c t i v e l y a p l a n t p r o t o p l a s t . Compared wi t h c e l l s i n 
t i s s u e s , or c e l l s surrounded by a c e l l u l o s i c w a l l , these 
u n i c e l l s are r e l a t i v e l y unprotected and are l i k e l y to be 
le s s t o l e r a n t of osmotic and i o n i c changes i n the 
surrounding f l u i d s . U n l i k e protozoa, which a l s o e x i s t as 
s i n g l e c e l l s without c e l l u l o s i c w a l l s , s i n g l e p l a n t c e l l s 
c o n t a in vacuoles which r e l e a s e t h e i r contents at the. stage 
i n f i x a t i o n when the surrounding membrane becomes 
permeable (Mollenhauer, 1959), thus a l t e r i n g the 
c o n s t i t u t i o n of the i n t r a c e l l u l a r f l u i d . 
Seed (1980) recognised the d i f f i c u l t i e s encountered by 
those working with p l a n t p r o t o p l a s t s and developed h i s 
" f r a g i l e p r o t o p l a s t " method, whereby glutaraldehyde was 
added to a c e l l c u l t u r e drop by drop over the course of an 
hour. 
A range of d i f f e r e n t methods, i n c l u d i n g t h a t 
recommended by Seed, were t e s t e d oh C.reinhardtii •CW15+ 
samples. An account of each method i s given below. 
1) Conventional double f i x a t i o n 
The schedule below was c a r r i e d out at room temperature, 
(a) Fix. i n 5ml 2.5% v/v glutaraldehyde i n O.IM sodium 
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cacodylate b u f f e r , pH 7.0, f o r 15 minutes. 
(b) Wash i n 5ml O.IM sodium cacodylate b u f f e r , pH 7.0, f o r 
25 minutes. 
(c) P o s t - f i x i n 5ml 1% osmium t e t r o x i d e i n O.IM sodium 
cacodylate b u f f e r , pH7.0, f o r 45 minutes. 
(d) Wash i n O.IM sodium cacodylate b u f f e r , pH 7.0. 
R e s u l t s 
In t h i n s e c t i o n c e l l s appear very dense and d a r k l y 
s t a i n e d so t h a t components cannot be c l e a r l y i d e n t i f i e d 
( f i g u r e A.2-3.) This, d e n s i t y of the cytoplasm, together 
with the f a c t t h a t the c e l l o u t l i n e i s very i r r e g u l a r 
i n s t e a d of the smooth ovoid or c i r c u l a r o u t l i n e seen i n 
L.M., suggests t h a t shrinkage has occurred. 
However, a l l v i s i b l e c e l l components appear i n t a c t . 
The c h l o r o p l a s t t h y l a k o i d s r e t a i n a c o n s i s t e n t , p a r a l l e l 
formation. Mitochondria can be i d e n t i f i e d ; both inner and 
outer m i t o c h o n d r i a l membranes are apparently w e l l 
preserved. 
To d i s c o v e r at which stage i n the f i x a t i o n procedure 
shrinkage had occurred, c e l l diameter measurements were 
taken, using a l i g h t microscope, at each wash stage. 
C e l l diameter measurements are presented i n the 
histogram i n f i g u r e A.2.1. I t i s evident t h a t shrinkage 
occurs during primary f i x a t i o n i n glutaraldehyde. A degree 
of s w e l l i n g has taken place a f t e r p o s t - f i x a t i o n with 
osmium t e t r o x i d e but exposure to osmium t e t r o x i d e has not 
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( A ) Unfixed cells. 
1 1 
BJ Cells fixed with.glutaraldehyde 
in 0.1M sodium cacodylate buffer. 
x=7.17 
X=:5.53 
( F ) Cells post-fixed with Os04 in 
0.1M sodium cacodylate buffer. 
I •• 1 
x= 5.89 
J L J L I I I I J L 
Cell diameter [arbitrary units] 3.0 3.5. 4.0 4.5 5.0 5.5 6.0 6.5 70 75 ' 8.0 8.5 9.0 95 1,0.0 
Figure A.2.1 Histograms to show cell diameters atvarious stages of fixation for electron microscopy. 

( A ) Unfixed cells. 
(B) Cells fixed in glutaraldehyde 
in .01M sodium cacodylate buffer. 
x=3.36 [ 7.56 Fig.leqivalent units] 
x = 2.48 [5.58 Fig.tequivalent units] 
(F) Cells fixed in glutaraldehyde 
in 0.005M sodium cacodylate 
buffer. 
X = 2.48 [5.58 Figure.lequivalent units] 
J - L J L I. ! 
Cell diameter [arbitrary units] 1.0 1.5 2.0 25 3.0 3.5 4.0 4-5 5,0 5.5 6.0 6.5 7.0 
Figure A.2.2 Histograms to show cell diameters following fixation in buffers of different molarity. 

FIGURE A.2.3. 
C e l l s f i x e d by conventional double f i x a t i o n (see t e x t f o r 
d e t a i l s ) . 
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r e s t o r e d c e l l s t o t h e i r o r i g i n a l volume. 
This 'conventional' f i x a t i o n method was repeated, 
using O.OIM and 0.005M sodium cacodylate b u f f e r , pH 7.0, 
as the f i x a t i o n v e h i c l e , and c e l l diameter measurements 
taken at the f i r s t wash stage only. 
C e l l diameter measurements are presented i n the 
histogram i n f i g u r e A.2.2. Shrinkage has occurred when 
primary f i x a t i o n has been i n a v e h i c l e of O.OIM or 0.005M 
sodium cacodylate b u f f e r . 
The reduced mean diameter observed f o l l o w i n g a l l 
treatments, i l l u s t r a t e d i n f i g u r e s A.2.1. and A.2.2., was 
compared to c o n t r o l values using a student t - t e s t . 
P r o b a b i l i t y values d i d not exceed 0.001 i n any i n s t a n c e , 
i n d i c a t i n g that shrinkage, i n each case, was s i g n i f i c a n t . 
There was no s i g n i f i c a n t d i f f e r e n c e between the 'O.OIM' 
and '0.005M' sodium cacodylate samples (students t - t e s t ) , 
suggesting t h a t , at these l e v e l s of sodium cacodylate 
c o n c e n t r a t i o n , glutaraldehyde i t s e l f can cause c e l l 
shrinkage. 
2) The ' f r a g i l e p r o t o p l a s t ' method 
The schedule below was c a r r i e d out at room temperature. 
(a) Add 1ml 8% v/v glutaraldehyde, drop by drop, over the 
course of 1 hr, to 7ml c e l l c u l t u r e i n a p e t r i d i s h . S w i r l 
the p e t r i d i s h a f t e r each a d d i t i o n . 
(b) C e n t r i f u g e the sample arid resuspend the p e l l e t i n 4ml 
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1,5% v/v glutaraldehyde i n O.IM sodium cacodylate b u f f e r , 
pH 7.0, f o r 2 hrs. 
(c) Transfer the sample to 3% v/v glutaraldehyde i n O.IM 
sodium cacodylate b u f f e r . Leave f o r 4 h r s . 
(d) Wash the sample i n 3 changes of O.IM sodium cacodylate 
b u f f e r overnight. 
(e) P o s t - f i x i n 1% w/v osmium t e t r o x i d e i n O.IM sodium 
caeodylate b u f f e r f o r 2 h r s . 
(f) Wash i n O.IM sodium cacodylate b u f f e r f o r 30 minutes. 
Results. 
Two c e l l types can be i d e n t i f i e d i n t h i n s e c t i o n . Some 
c e l l s appear shrunken and d i s t o r t e d with dense though 
apparently w e l l preserved contents ( f i g u r e A.2.4.a), 
whereas others appeared to have swollen ( f i g u r e A.2.4.b). 
Breakages i n the to n o p l a s t and plasma lemma are evident i n 
places, r e s u l t i n g i n a sparseness of cytoplasm. 
3) Mixed osmium t e t r o x i d e / g l u t a r a l d e h y d e f i x a t i o n a t 0<'C 
(a) F i x samples f o r 15 mins at O'C i n a 0.8% v/v 
glutaraldehyde and 0.7% w/v osmium t e t r p x i d e mixture i n 
each of the v e h i c l e s d e s c r i b e d below. 
( i ) O.IM sodium phosphate b u f f e r , pH7 i0 (Dawson et 
aJ,1969) 
( i i ) O.OIM sodium phosphate, pH 7.0. 
( i l l ) O.IM sodium cacodylate b u f f e r , pH 7.0 (Glauert, 
1975). 
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FIGURE A.2.4. 
C e l l s f i x e d by ' f r a g i l e p r o t o p l a s t ' method (see t e x t f o r 
d e t a i l s ) . R e s u l t s were i n c o n s i s t e n t w i t h i n one sample. 
Some c e l l s were shrunken (a) whereas others had swollen 
or ruptured (b). 
Scale bars = ljum 
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( i v ) O.OIM sodium cacodylate b u f f e r , pH 7.0. 
(b) Wash i n the b u f f e r used as a f i x a t i o n v e h i c l e , f o r 10 
mins at room temperature. 
Res u l t s 
When a phosphate b u f f e r has been used, c e l l s are 
i r r e g u l a r i n o u t l i n e and c h l o r o p l a s t s were g r e a t l y 
d i s r u p t e d ( f i g u r e A. 2.5, a&b). C h l o r o p l a s t d i s r u p t i o n i s 
a l s o evident i n c e l l s f i x e d i n O.IM sodium cacodylate 
b u f f e r ( f i g u r e A..2.5 . C i ) ' However, c e l l s f i x e d i n O.OIM 
sodium cacodylate b u f f e r appeared w e l l preserved ( f i g u r e 
A.2.5.d.) according to the c r i t e r i a l i s t e d below, wi t h the 
exception of the c h l o r o p l a s t t h y l a k o i d s , which have l o s t 
t h e i r s t r i c t l y p a r a l l e l r e l a t i o n s h i p w i t h one another. 
i ) C e l l s are ovoid or c i r c u l a r i n o u t l i n e , as seen i n 
L.M. 
i i ) Cytoplasm i s evenly granular. 
i l l ) The nucleus and double membrane of the nuclear 
envelope can be c l e a r l y defined, as can the membrane 
systems of the g o l g i apparatus and mitochondria. 
i v ) No breakages are apparent i n any membrane systems. 
v) The c h l o r o p l a s t r e t a i n s i t s cup-shaped•structure i n 
L.S. and t h y l a k o i d s are a l i g n e d i n a p a r a l l e l f a s h i o n . 
4) Mixed osmium t e t r o x i d e / g l u t a r a l d e h y d e f i x a t i o n a t room 
temperature 
Schedule ( 3 . i v . ) , described above, was repeated at room 
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FIGURE A.2.5. 
C e l l s were f i x e d w i t h a mixed f i x a t i v e at .QoC (see t e x t 
f o r d e t a i l s ) . 
C e l l s f i x e d i n a v e h i c l e of sodium phosphate b u f f e r 
appear d i s t o r t e d with d i s r u p t e d c h l o r o p l a s t s . . 
(a) O.IM sodium phosphate. 
(b) O.OIM sodium phosphate. 
C e l l s f i x e d i n a v e h i c l e of sodium cacodylate , b u f f e r 
appear l e s s d i s t o r t e d . 
(c) O.IM sodium cacpdylate. The t h y l a k o i d system of the 
c h l o r o p l a s t i s d i s r u p t e d . 
(d) O.OIM sodium cacodylate. The t h y l a k o i d system shows 
l e s s d i s r u p t i o n . 
Scale bars = ljum 
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temperature {20oC), using a f i x a t i o n v e h i c l e of 0.05M and 
O.OIM sodium cacodylate b u f f e r . 
This mixed osmium t e t r o x i d e / g l u t a r a l d e h y d e f i x a t i v e 
was observed to begin t u r n i n g brown a f t e r 30 mins at room 
temperature and black w i t h i n 2 h r s , i n d i c a t i n g t h a t the 
osmium t e t r o x i d e and glutaraldehyde were r e a c t i n g w i t h one 
another. This r e s u l t s i n osmium p r e c i p i t a t e s and reduces 
the c o n c e n t r a t i o n of f i x a t i v e s a v a i l a b l e to re a c t with the 
c e l l sample. The s o l u t i o n was t h e r e f o r e presumed to be 
e f f e c t i v e at room temperature i f used w i t h i n 30 minutes of 
pre p a r a t i o n . 
In a d d i t i o n to the v e h i c l e s d e s c r i b e d above, O.OIM 
sodium cacodylate was used at a range of pH values (7.0, 
7.3, 7.6, 7.9, 8 .2 & 8.5). This i s eq u i v a l e n t to the pH 
range t h a t the c e l l s grow i n during the 7 day growth 
p e r i o d before t r a n s f e r to f r e s h medium. 
Resu l t s 
C e l l s e c t i o n s show no d e t r i m e n t a l e f f e c t s of using 
t h i s f i x a t i v e i n a O.OIM sodium cacodylate b u f f e r , pH 7.0, 
at room temperature ( f i g u r e A . 2.6.b.). There i s f r e q u e n t l y 
a d i s r u p t i o n of the s t r i c t l y p a r a l l e l form of the 
c h l o r o p l a s t t h y l a k o i d membranes. There i s no apparent 
e f f e c t on f i x a t i o n caused by changing the pH of the 
f i x a t i o n v e h i c l e ( f i g u r e A . 2.7.). 
5) Mixed osmium t e t r o x i d e / g l u t a r a l d e h y d e f i x a t i o n i n the 
c u l t u r e medium 
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FIGURE A.2.6. 
C e l l s f i x e d w ith a mixed f i x a t i v e at room temperature i n 
a v e h i c l e of sodium cacodylate b u f f e r (see t e x t f o r 
d e t a i l s ) . 
(a) Q.05M sodium cacodylate. The t h y l a k o i d system shows 
d i s t o r t i o n i n the, form of a r c s . 
(b) O.OIM sodium cacodylate. The thylakoid. system r e t a i n s 
i t s p a r a l l e l arrangement w i t h i n the c h l o r o p l a s t , although 
there i s a sep a r a t i o n of adjacent t h y l a k o i d membranes. 
Scale bars = 1pm 
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FIGURE A.2.7. 
C e l l s f i x e d w i t h a mixed f i x a t i v e at room temperature, 
a range of pH values (see t e x t f o r d e t a i l s ) . 
(a) pH 7.0 
(b) pH 7.3 
(c) pH 7.6 
(d) pH 7.9 
(e) pH .8.2 
(f) pH 8.5 , 
Scale bars = Ipm 
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The schedule below was c a r r i e d out at room temperature. 
(a) F i x samples i n 0.8% v/v glutaraldehyde and 0.5% w/v 
osmium t e t r o x i d e i n O.OIM sodium cacodylate b u f f e r , pH 
7.0, and . 50% c u l t u r e medium, f o r 15 mins at room 
temperature. 
(b) Wash f o r 15 mins at room temperature i n O.OIM sodium 
cacodylate b u f f e r , pH 7.0. 
Re s u l t s 
C e l l s r e t a i n t h e i r ovoid shape and are enclosed by a 
d i s t i n c t plasma membrane. Mitochondria show good 
p r e s e r v a t i o n but the c h l o r o p l a s t s had been i n t e r n a l l y 
d i s r u p t e d ( f i g u r e A.2.8.a.). 
6) Osmium t e t r o x i d e f i x a t i o n 
The schedule below was c a r r i e d out at room temperature. 
(a) F i x samples i n 5ml 1% w/v osmium te t r o x i d e : i n O.OIM 
sodium cacpdylate b.uffer, pH 7.0, f o r 15 mins. 
(b) Wash i n O.OIM sodium cacodylate b u f f e r , pH 7.0, f o r 10 
mins. 
R e s u l t s 
The cytoplasm of these c e l l s , although more f i n e l y 
granular than t h a t of c e l l s f i x e d i n the mixed f i x a t i v e , 
i s more sparse and the c h l o r o p l a s t s showed i n t e r n a l 
d i s r u p t i o n ( f i g u r e A.2.8.b.). 
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FIGURE A.2.8. 
(a) C e l l s f i x e d i n a mixed f i x a t i v e i n the c u l t u r e medium 
(see t e x t f o r d e t a i l s ) . The t h y l a k o i d membranes i n the 
c h l o r o p l a s t form arcs i n s t e a d of f l a t t e n e d sheets. 
(b) C e l l s f i x e d with osmium t e t r o x i d e (see t e x t f o r 
d e t a i l s ) . Cytoplasm i s sparse and the t h y l a k o i d membranes 
form arc s . 
Scale bars = 1pm 
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D i s c u s s i o n 
A form of i n t e r n a l d i s r u p t i o n of the c h l o r o p l a s t j 
whereby the t h y l a k o i d membranes only r e t a i n t h e i r p a r a l l e l 
a s s o c i a t i o n w i t h one another f o r short lengths, which form 
a r c s , i s common to s e v e r a l of the f i x a t i o n methods, using 
a wide range of v e h i c l e s , i e . a mixed 
glutaraldehyde/osmium t e t r o x i d e f i x a t i v e at 0°C i n 
phosphate b u f f e r or O.IM sodium cacodylate b u f f e r , pH 7.0, 
a mixed glutaraldehyde/osmium t e t r o x i d e f i x a t i v e i n the 
c u l t u r e medium, and osmium t e t r o x i d e f i x a t i o n i n O.OIM 
sodium cacodylate b u f f e r , pH 7.0. In a l l cases osmium 
t e t r o x i d e had been used as a primary f i x a t i v e , e i t h e r 
mixed with glutaraldehyde or used alone. The use of O.OIM 
sodium cacod,ylate alone as the f i x a t i o n v e h i c l e prevented 
the arc-forming tendency but the r e g u l a r , p a r a l l e l 
alignment and s t a c k i n g of t h y l a k o i d s was only c o n s i s t e n t l y 
preserved by a primary f i x a t i o n i n glutaraldehyde, which 
u n f o r t u n a t e l y caused excessive c e l l shrinkage. I t has been 
s t a t e d (Hayat, 1981) that i s o l a t e d c e l l s tend to s h r i n k 
more as a r e s u l t of glutaraldehyde f i x a t i o n than dp i n t a c t 
t i s s u e s . According to Lee et al, (1982) glutaraldehyde may 
exert osmotic e f f e c t s during the i n i t i a l phase of primary 
f i x a t i o n because i t does not pass through the membrane as 
r a p i d l y as water. Consequently, i n the absence of a r i g i d 
c e l l w a l l , the c e l l w i l l s h r i n k . F o l l o w i n g glutaraldehyde 
f i x a t i o n of the c e l l membrane, c e l l s appear to become more 
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permeable to glutaraldehyde (Lee et ai.1982), hence, once 
the membrane i s f i x e d , f u r t h e r exposure to glutaraldehyde 
w i l l not a f f e c t c e l l volume. 
I t i s g e n e r a l l y recognised t h a t osmium t e t r o x i d e 
destroys the d i f f e r e n t i a l l y permeable p r o p e r t i e s of c e l l 
membranes ( E l b e r s , 1965, Bone & Denton, 1981) and that 
c e l l membranes become f r e e l y permeable to ions a few 
seconds a f t e r contact w i t h osmium t e t r o x i d e ( E l b e r s , 
1966). This may e x p l a i n why CW15+ c e l l s do not sh r i n k 
f o l l o w i n g simultaneous f i x a t i o n i n osmium t e t r o x i d e and 
glutaraldehyde. Trump and Bulger (1966) f i r s t showed that 
the d e l e t e r i o u s e f f e c t of glutaraldehyde can be minimised 
or avoided by simultaneous use of glutaraldehyde and 
osmium t e t r o x i d e i n a mixed f i x a t i v e . With the exception 
of the i n t e r n a l s t r u c t u r e of the c h l o r o p l a s t , which 
f r e q u e n t l y shows some d i s r u p t i o n , the c e l l u l t r a s t r u c t u r e 
i s w e l l preserved by t h i s f i x a t i o n technique. 
The ' f r a g i l e p r o t o p l a s t ' method adapted from th a t of 
Seed (1980) employed a very gradual i n c r e a s e i n 
glutaraldehyde c o n c e n t r a t i o n w i t h i n the c u l t u r e growth 
medium. Although the c u l t u r e was g e n t l y mixed a f t e r each 
a d d i t i o n of f i x a t i v e , the c e l l s were not a l l e q u a l l y 
a f f e c t e d . This may be due to inadequate mixing of the 
f i x a t i v e i n the c e l l c u l t u r e . 
F i x a t i o n was c a r r i e d out in. the c u l t u r e medium i n an 
attempt to match the f i x a t i v e s o l u t i o n w i t h the n a t u r a l 
environment of the l i v i n g specimen. Improved r e s u l t s had 
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permeable to glutaraldehyde (Lee et aJ.1982), hence, once 
the membrane Is f i x e d , f u r t h e r exposure to glutaraldehyde 
w i l l not a f f e c t c e l l volume. 
I t i s g e n e r a l l y recognised that osmium t e t r o x i d e 
destroys the d i f f e r e n t i a l l y permeable p r o p e r t i e s of c e l l 
membranes ( E l b e r s , 1965, Bone & Denton, 1981) and tha t 
c e l l membranes become f r e e l y permeable to ions a few 
seconds a f t e r contact w i t h osmium t e t r o x i d e ( E l b e r s , 
1966). This may e x p l a i n why CW15+ c e l l s do not sh r i n k 
f o l l o w i n g simultaneous f i x a t i o n i n osmium t e t r o x i d e and 
glutaraldehyde. Trump and Bulger (1966) f i r s t showed tha t 
the d e l e t e r i o u s e f f e c t of glutaraldehyde can be minimised 
or avoided by simultaneous use of glutaraldehyde and 
osmium t e t r o x i d e i n a mixed f i x a t i v e . With the exception 
of the i n t e r n a l s t r u c t u r e of the c h l o r o p l a s t , which 
f r e q u e n t l y shows some d i s r u p t i o n , the c e l l u l t r a s t r u c t u r e 
i s w e l l preserved by t h i s f i x a t i o n technique. 
The ' f r a g i l e p r o t o p l a s t ' method adapted from t h a t of 
Seed (1980) employed a very gradual increase i n 
glutaraldehyde c o n c e n t r a t i o n w i t h i n the c u l t u r e growth 
medium. Although the c u l t u r e was g e n t l y mixed a f t e r each 
a d d i t i o n of f i x a t i v e , the c e l l s were not a l l e q u a l l y 
a f f e c t e d . This may be due to inadequate mixing of the 
f i x a t i v e i n the c e l l c u l t u r e . 
F i x a t i o n was c a r r i e d out i n the c u l t u r e medium i n an 
attempt to match the f i x a t i v e s o l u t i o n w i t h the n a t u r a l 
environment of the l i v i n g specimen, improved r e s u l t s had 
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D i s c u s s i o n 
A form of i n t e r n a l d i s r u p t i o n of the c h l o r o p l a s t , 
whereby the t h y l a k o i d membranes only r e t a i n t h e i r p a r a l l e l 
a s s o c i a t i o n w i t h one another f o r short l e n g t h s , which form 
a r c s , i s common to s e v e r a l of the f i x a t i o n methods, using 
a wide range of v e h i c l e s , i e . a mixed 
glutaraldehyde/osmium t e t r o x i d e f i x a t i v e at 0°C i n 
phosphate b u f f e r or O.IM sodium cacodylate b u f f e r , pH 7.0, 
a mixed glutaraldehyde/osmium t e t r o x i d e f i x a t i v e i n the 
c u l t u r e medium, and osmium t e t r o x i d e f i x a t i o n i n O.OIM 
sodium cacodylate b u f f e r , pH 7.0. In a l l cases osmium 
t e t r o x i d e had been used as a primary f i x a t i v e , e i t h e r 
mixed with glutaraldehyde or used alone. The use of O.OIM 
sodium cacodylate alone as the f i x a t i o n v e h i c l e prevented 
the arc-forming tendency but the r e g u l a r , p a r a l l e l 
alignment and s t a c k i n g of t h y l a k o i d s was only c o n s i s t e n t l y 
preserved by a primary f i x a t i o n i n glutaraldehyde, which 
u n f o r t u n a t e l y caused excessive c e l l shrinkage. I t has been 
s t a t e d (Hayat, 1981) that i s o l a t e d c e l l s tend to sh r i n k 
more as a r e s u l t of glutaraldehyde f i x a t i o n than do i n t a c t 
t i s s u e s . According to Lee et al, (1982) glutaraldehyde may 
exert osmotic e f f e c t s during the i n i t i a l phase of primary 
f i x a t i o n because i t does not pass through the membrane as 
r a p i d l y as water. Consequently, i n the absence of a r i g i d 
c e l l w a l l , the c e l l w i l l s h r i n k . F o l l o w i n g glutaraldehyde 
f i x a t i o n of the c e l l membrane, c e l l s appear to become more 
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been obtained by Glauert and Thornley (1966) using t h i s 
method. However, i n t h i s case, the t h y l a k o i d o r g a n i s a t i o n 
was d i s r u p t e d , perhaps due to h y p e r t o n i c i t y of the 
s o l u t i o n . 
Since d i l u t i o n of a b u f f e r decreases i t s b u f f e r i n g 
c a p a c i t y (Hayat, I 9 8 I ) , i t might be"expected that the pH 
of a f i x a t i v e b u f f e r e d by O.OIM sodium cacodylate would 
be important. However, w i t h i n the range t e s t e d , pH had no 
apparent e f f e c t on the q u a l i t y of p r e s e r v a t i o n . 
In c o n c l u s i o n , the C r e i n h a r d t i i CW15+ mutant does 
present a problem to the e l e c t r o n m i c r o s c o p i s t . The 
cup-shaped c h l o r o p l a s t , which occupies approximately 40% 
of the t o t a l c e l l volume, only c o n s i s t e n t l y r e t a i n s the 
p a r a l l e l alignment and s t a c k i n g of t h y l a k o i d s when f i x e d 
i n a primary f i x a t i v e of glutaraldehyde. The presence of 
osmium t e t r o x i d e i n the primary f i x a t i v e tends to d i s r u p t 
the r e g u l a r i t y of the t h y l a k o i d membranes. However, 
primary glutaraldehyde f i x a t i o n causes excessive c e l l 
shrinkage unless used i n a mixed f i x a t i v e with osmium 
t e t r o x i d e . The choice of b u f f e r a l s o i n f l u e n c e s the e f f e c t 
that the f i x a t i v e has on the s t r u c t u r a l p r e s e r v a t i o n of 
the c h l o r o p l a s t . The best combination of b u f f e r and 
f i x a t i v e , of those used i n t h i s study, was a mixed 
f i x a t i v e of osmium t e t r o x i d e and glutaraldehyde i n O.OIM 
sodium cacodylate b u f f e r . 
For experiments on the e f f e c t of low temperature 
treatments," the f i x a t i o n technique was to be c a r r i e d out 
at a v a r i e t y of temperatures. I t has been shown here to be 
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e f f e c t i v e at 0 ° C and 2 0 0 C . 
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APPENDIX 3^ RESULTS OF VIAB I L I T Y TESTS CARRIED OUT IN 
CHAPTER 3. 
TABLE 3.1 
Thi s t e s t examines the e f f e c t s on v i a b i l i t y o f the 
i n i t i a l p a r t o f the c o o l i n g c u r v e , w h i c h i s common t o 
a l l f r e e z i n g p r o t o c o l s . 
PROTOCOL 
Sample a t -2.5°C (unfrozen). I n i t i a t e f r e e z i n g . Sample 
at peak of exotherm (0°C) 
REJSULTS 
Colony counts expressed a t t o t a l number of c o l o n i e s per 
p l a t e and as percentage- o f c o n t r o l v a l u e s . 
(%C) = (% c o n t r o l ) 
CONTROL -2.5"C -2.5°C 
(%C) 
0°C • 0°C 
(%C) 
482 422 86.2 441 90.1 
480 437 89.3 514 105.0 
497 533 108.9 443 90.5 
499 459 93.8 485 99.1 
( i n f e c t e d ) 483 98.7 508 103.8 
( i n f e c t e d ) 496 101.3 496 101.3 
489.5 
(100%) 
471.7 96.4 481.2 98.3 
S.D t9.9 ±8.3 16.5 
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TABLE 3.2 
PROTOCOL 
Cool a t 6G°C min"' from -2.5°C to -5, -10, -15, -20, -25, 
-30 and -3 7''C. Sample at each minimum temperature. 
RESULTS 
Colony c o u n t s e x p r e s s e d as t o t a l number o f c o l o n i e s per 
p l a t e and as percentage of c o n t r o l values. 
(%C) = (% c o n t r o l ) . 
CONTROL ' -5°C • -5°C 
(%C) 
-10°C -10°C 
(%c) 
-15°C -IS'C 
(%c) 
414 166 39.1 135 31.8 100 23.5 
445 168 39.5 191 44.9 116 • 27.3 
418 242 56.9 146 34.3 145 34.1 • 
431 270 63.5 168 39.5 112 26.3 
417 167 39.3 180 42.3- 116 27.3 
425.00 
(100%) 
202.6 47.7 164.0 38.6 117.8 27.7 
S.D t l 2 . 9 ±11.7 " i 5 . 5 ±3.9 
-20°C -20°C 
(%C) 
-25°C -25°C 
(%C) 
-30°C -30°C 
(%c) 
-37°C -37°C 
{%c) 
109 25.6 52 12.2 17 4.0 24 5.6-
91 21.4 56 13.2 23 5.4 9 2.1 
90 2i.2 65 15.3 34 8.0 13 3.1 
125 29.4 58 13.6 18 4.2 20 4.7 
112 26.3 50 11'.8 36 8.5 11 2.6 
5c. 105.4 24.8 56.2 13.2 25.6 6.0 15.4 3.6 
S.D +3.5 11.4 ±2.1 ±1.5 
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TABLE 3.3 
PROTOCOL . 
Cool at-30°C min"' from -2.5"*C t o -3, -6, -9, -12, -15, 
-18, -30 and -40°C. Sample a t each minimum temperature. 
RESULTS 
Colony c o u n t s e x p r e s s e d as t o t a l number o f c o l o n i e s p e r 
p l a t e and as percentage of c o n t r o l values. 
(%C) = (% c o n t r o l ) 
CONTROL -3''C -3°C -6°C -6"C 
(%c) (%c) 
380 362 85.3 199 46.9 
415 277 65.3 216 50.9 
379 283 66.7 184 43.4 
481 305 71.9 212 50.0 • 
467 325 76.6 249 58.7 
DC 424.4 310.4 73.2 212.0 50.0 
(100%) 
S.D + 4-78 ±8.1 ±5.7 
-9°C -9°C -12°0 -12°C -15°C -15°C 
(%c) (%c) (%c) 
153 36.1 147 34.6 115 27.1 
197 46.4 126 29.7 134 31.6 
230 54.2 165 38.9 143 33.7 
187 44.1 175 . 41.2 182 42.9 
184 43.4 120 28.3 132 31.1 
OC 190.2 . 44.9 146.6 34.5 141.2 33.3 
S.D + 6.5 ±5.6 ±5.9 
-18° C -18° C -30°C -30°C -40° C -40°e 
(%c) (%c) (%c) 
103 24.3 14 3.3 27 6.4 
82 19.3 21 4.9 14 3.3 
55 • 13.0 14 3.3 14 3.3 
103 24.3 27 6.4 7 1.6 
75 17.7 55 13.0 21 4.9 
X 83.6 19.7 26.2 6.2 16.6 3.9 
S.D ±4.8 ±4.0 ±1.8 
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TABLE 3.4 
PROTOCOL 
Cool a t 4°C min"' from -2.5°C t o -5, -10, -15, -20, -25 and 
-30°C 
RESULTS 
Colony c o u n t s , e x p r e s s e d as t o t a l number o f c o l o n i e s p e r 
plate", and as percentage of c o n t r o l values. 
(%C) = (% c o n t r o l ) 
CONTROL -S^C -5°C 
(%C) 
-10° C -10°C 
(%c) 
-15°C -15°C 
(%C) 
354 25.0 65.2 176 45.9 162 42.2 
365 222 57.9 177 46.2 133 43.7 
395 223 58.2 206 53.7 142 37.0 
390 .249 64.9 243 63.4 147 38.3 
413 225 58.7 233 . 60.8 151 39.4 
383.4 
(100%) 
233.8 61.0 207 54 147 40-1 
S.D ±23.8 ±3.7 ±8.1 ±2.8 
-20°C -20°C 
(%c) 
-25°C -25°C 
(%C) 
-30° C -30°C 
(%c) 
-35°G -35° C 
(%c) 
111 28.9 50 13.0 19 4.9 . 0 0 
114 29.7 52 13.6 22 5.7 25 6.5 
102 26.. 6 55 14.3 43 11.2 0 0 
117 30.5 59 15.4 31 8.1 0 0 
127 33.1 7 2 18.8. 22 5.7 25 6.5 
X, 114.2 29.8 57.6 15.0 27.4 7.1 • 10 2.6 
S.D ±2.4 ±2.3 ±2.6 ±3.6 
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TABLE 3.5 
PROTOCOL 
Cool a t 2^0 mirf' f r o m -2.5" C t o -5, -15, -25 and -30°C. 
Sample a t eacli minimum temperature. 
RESULTS 
Colony c o u n t s , e x p r e s s e d as t o t a l number o f c o l o n i e s per 
p l a t e and as percentage of c o n t r o l v a l u e s . 
(%C) = (% c o n t r o l ) 
CONTROL -5°C -5°C 
(%C) 
-15° C -15°C 
(%c) 
-25°C -25° C 
(%C) 
-30°C -30°C 
(%c) 
172 146 73.0 67 33.5 12 6.0 0 0 
252 144 72.0 62 31.0 12 6.0 0 . 0 
193 126 63.0 75 37.5 13 .6.5 0 0 
204 134 67.0 67 33.5 15 7 .-5- 0 0 
180 131 65.5 61 30.5 22- 11.0 0 0 
200 
(100%) 
136.2 68.1 66.4 33.2 14.8 7.4 0 0 
S.D i31.4 • ±4.3 ±2.8 ±2.1 
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TABLE 3.6 
PROTOCOL 
Cool a t 1°C min"' from -2.5''C to -2.5, -5, -7.5, -10, 
-12.5,-15.0 and -17.5"C. Sample a t each minimum 
temperature. 
RESULTS 
Golony counts, e x p r e s s e d as t o t a l number o f c o l o n i e s per 
p l a t e and as percentage of c o n t r o l values. 
(%C) = (%. c o n t r o l ) 
CONTROL -2.5°C -2.5°C 
(%c) 
-5°C -5°C 
(%c) 
-7.5° C -7.5°C 
(%c) 
443 441 94.5 326 69.8 2,66 56.9 
475 460 98.5 348 74.6 306 65.6 
421 442 94.7 , 369 79.0 282 60.4 • 
513 357 76.5 364 78.0 255 54.6 
482 409 87.6 393 . 84.0 289 61.9 
466.8 
(100%) 
421.8 90.4 360.0 77.1 279.6 59.9 
S.D 135.7 ±8.7" +5.3 ±4.3 
-10°C -10°C 
(%c) 
-12.5°C -I2.5°C 
(%C) 
-15°C ^IS'-C 
(%c) 
-17.5*'C -17.5''C 
.(%c) 
273 58.5 239 51.2 103 22.1 12 2.6 
256 54.8 259 55.5 96 • 20.6 24 5.1 
243 52.1 238 51.0 87 18.6 23 4.9 
278 60.0 269 57.6- 114 24.4 13 2.8 
278 6O.0 282 60.4 93 19.9 11 2.4 
5c 265.6 57.1 25 7 55.1 98.6 21.1 16.6 3.6 
S.D 13.5 . ±4.1 + 2.2 11.3 
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TABLE 3.7 
PROTOCOL 
Cool a t 0.5°C min-' from -2.5"C t o -2, -6, -8, -10, -12 and 
-14°C. Sample a t each minimum temperature. 
RESULTS 
Colony c o u n t s , e x p r e s s e d as t o t a l number o f c o l o n i e s per 
p l a t e and as percentage of c o n t r o l values. 
(%C) = (% c o n t r o l ) 
CONTROL -2"C -2°C 
(%c) 
-6°C -6"C 
(%C) 
-8°C . -8°C 
(%c) 
349 281 62.1 313 69.2 288 63.6 
510 398 87.9 296 65.4 276 61.0 
532 401 88.6 323 71.4 301 66.5 
419 376 83.1 347 76.7 268 59.2 
i n f e c t e d 342 75.6 315 69.6 264 58.3 
452.5 
(100%) 
359.6 79.5 318.8 70.5 279.4 61.7 
S.D ±84.6 tii.o ±4.1 .13.4 
-10°C -10°C 
(%c) 
-12°C -12°C 
(%0) 
-14°. C -14° C 
(%C) 
174 38.5 46 10.2 0 0 
230 50.8 73 16.1 0 0 
245 54.1 • 85 18.8 0 0 
164 36.2 134 29.6 0 0 
156 34.5 115 25.4 0 0 
OC 193,8 42.8 90.6 20.0 .0 0 
S.D t9.0 ±7.6 
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TABLE 3.8 
PROTOCOL 
Cool a t 0.-25.° C min"' from -2.5° C t o --2.5, -4.0, -8.0, 
-10.0 and -12.0°C. 
RESULTS 
Colony c o u n t s , e x p r e s s e d as t o t a l number o f c o l o n i e s per 
p l a t e and as p e r c e n t a g e o f c o n t r o l v a l u e s . 
(%C) = (% c o n t r o l ) 
CONTROL -2.5°C -2.5°C 
(%C) 
-4.0°C -4.0°C 
(%c) 
187 187 103.8 143 79.4 
197 186 103.2 123 68.3 
208 140 77.7 152 84.4 
158 111 61.6 130 72.1 
151 150 83.2 155 86.0 
DC 180.2 
(100%) 
154.8 85.9 140.6 78.0 
S.D ±24.7 t l 7 . 9 ±7.7 
-8.0°C -8.0°C 
(%c) 
-10.0°C -10.0°C 
.(%c) 
-12.0°C -12.0°C 
(%c) 
37 20.5 16 8.8 0 0 
55 30.5 ^ 17 9.4 d d 
52 28.9 18 10.0 0 0 
33 18.3 12 6.6 0 0 
41 22.8 19 10.5 0 0 
5c 43.6 24.2 16.4 9.1 0 0 
S.D t5.3 t l . 5 
-
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TABLE 3.9 
PROTOCOL 
Cool a t 0.125°C min-' from -2.5''C t o 2.5, -5, -7.5, -10, 
-12.5°C. 
RESULTS 
Colony c o u n t s , as e x p r e s s e d as t o t a l number o f c o l o n i e s 
per p l a t e and as percentage of c o n t r o l values. 
(%C) = (% c o n t r o l ) . 
CONTROL -2.5°C -2.5°C 
(%c) 
-5.0°C -5.0°C 
(%c) 
487 362 74.2 260 53.3 
489 421 86.3 260 53.3 
510 - 344 70.5 294 60.2 
501 335 68.6 261 53.5 
453 370 75.8 242 49.6 
DC 488 
(100%) 
366.4 75.1 263.4 54.0 
S.D t21.7 ±6.9 ±3.8 
-7.5°C -7.5°C 
(%C) 
-10.0°C -lO.CC 
(%c) 
-12.5°C -12.5°C 
(%c) 
94 19.3 4 0.8 0 0 
100 20.5 . 4 0.8 0 0 
94 19.3 7 1.4 0 0 
101 20.7 0 0 0 0 
89 18.2 6 1.2 0 0 
OC 95.6 19.6 4.2 0.8 0 0 
S.D ±1.0 ±0.5 
325 

TABLE 3.10 
The e f f e c t of c o o l i n g r a t e on v i a b i l i t y o f u n f r o z e n 
samples. R e s u l t s expressed as t o t a l number o f c o l o n i e s 
per p l a t e . 
CONTROL RAPID SLOW 
Run 1^  24 39 62 
33 71 111 
18 38 137 
16 44 104 
27 (infected') 93 
cc 23.6 .48.0 101.4 
S.D t6.9 ±15.6 ±27.3 
Run 2 41 58 80 
17 63 1Q7 
26 42 105 
20 43 111 
54 65 109 
D C 31.6 54.2 102.4 
S.D 15.6 11.0 12.7 
Run 3^  29 16 54 
40 26 53 
15 30 75 
( i n f e c t e d ) 20 51 
( i n f e c t e d ) ( i n f e c t e d ) (infected). 
DO 28.0 23.0 .58.2 
S.D ±12.5 ±6.2 ±11.2 
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SUMMARY 
Morphological responses of a u n i c e l l u l a r alga to freezing 
were observed using a cryogenic l i g h t microscope. The sample 
was rapi d l y freese-fixed f o r subsequent observation i n a 
cryogenic scanning electron microscope. The p o t e n t i a l of 
t h i s dual observation technique i n studies of c e l l u l a r 
response to environmental stress i s discussed, 
KEY WORDS 
Controlled freezing, a l g a l u n i c e l l s , morphology, 
cryomicroscopy, SEM, l i g h t microscopy. 
INTRODUCTION 
Advances i n l i g h t microscopy have enabled d i r e c t observations 
of freeze-thaw cycles to be made on a con t r o l l e d temperature 
specimen stage of a cryogenic l i g h t microscope using 
ti-ansmitted l i g h t (cryo-LM: 1,2,3,4).. This technique allows 
data concerning gross c e l l u l a r morphology to be co l l e c t e d , 
but information concerning 3-dimensional structures i s 
lim i t e d as the depth-of focus i n the l i g h t microscope, at the 
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required magnifications, allows l i t t l e more than an 
apparently 2-dimensional image 
Results from such a system may be r e s t r i c t e d or 
misinterpreted f o r a number of reasons. F i r s t l y , information 
may not be available due to the l i m i t a t i o n s imposed by the 
shallow depth of focus. Secondly, the resolving power of the 
l i g h t microscope may l i m i t the information available and 
t h i r d l y , f o r p r a c t i c a l reasons r e l a t i n g to specimen/objective 
geometry, c e l l s close to the cover s l i p are seen with greater 
c l a r i t y and are more conveniently examined than those i n the 
bulk volume of the sample. The c e l l s i n these peripheral 
areas may be influenced by in t e r a c t i o n between the cov e r s l i p 
and the c e l l membrane, and a r t i f a c t s may ar i s e . 
The use of a scanning electron microscope f o r observation of 
such material would improve resolution and provide an image 
of the specimen with a greatly increased depth of focus, 
providing a so l u t i o n to a number of these problems. However, 
there i s no r e a d i l y a v a i l a b l e SEM system i n which controlled' 
cooling and warming experiments can be ca r r i e d out on the 
specimen stage, i n a compatable manner to the cryo-LM, 
c h i e f l y due to the vacuum requirements of the electron 
microscope. To overcome these d i f f i c u l t i e s , a 
dual-observation technique has been developed, whereby 
primary observations of dynamic events can be made with a 
cryo-LM. Subsequently, by using a modified specimen holder 
and rapid f r e e a e - f i x a t i o n to preserve the specimen, the same 
material can be transferred to the cold stage of a cryogenic 
scanning electron microscope (cryo-SEM) f o r further 
observation. 
MATERIALS AND METHODS 
Chlamydomonas r e i n h a r d t i i s t r a i n CCAP 11/32 CW15+ (5), a 
wal l - l e s s mutant e x i s t i n g as a free protoplast, was grown i n 
s t a t i c l i q u i d culture at 20 ^ C on a 7-day cycle. Samples 
were taken on day 5, at which time they were i n the early 
stationary stage of growth, and concentrated xlO by 
centrifugation. 
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A specimen chamber was; constructed by boring a 0.5 mm 
diameter- hole, by la^ser beam, through a size 0 glass 
cov e r s l i p and f i x i n g t h i s with glass adhesive to an i n t a c t 
c o v e r s l i p of the same dimensions. Three u l of the c e l l 
sample was placed i n the well of t h i s assembly by 
micropipette and covered by a fragment of glass c o v e r s l i p 
(see Figure 1). 
The sample holder was placed on the stage of a Lei t a Dialux 
22 l i g h t microscope, adapted f o r low temperature studies by 
the addition of a computer cont r o l l e d cooling stage (4). The 
t i p of the thermocouple incorporated into the specimen stage 
was d i r e c t l y beneath the c e l l sample. 
I n i t i a l cooling from . room temperature (20 oC) to the 
nucleation temperature ,(-2.5 oC) was c a r r i e d out at 10 
oC/min. Further cooling was c a r r i e d out at 60 oC/min to -20 
oC or at 1 oC/min to -6 oQ. Samples were freeze-fixed during 
a 30 second 'hold time' at the minimum temperature. In a. 
second set of experiments the samples were rewarmed at 50 
o/min to 0 ° C , held f o r 30 seconds' and" then warmed at 30 
°C/min to 20 ° C . These samples were freeze-f ixed' upon 
reaching 20 oC. 
F i x a t i o n involved removing the sample holder from' the cryo-LM 
specimen stage and immediately plunging i t r a p i d l y , by hand, 
into l i q u i d nitrogen. The samples were then stored, • and. 
tz-ansported i n l i q u i d nitrogen as required. 
A P h i l i p s SEM 505 scanning electron microscope, with a 
Cryotrans CTIOGO cold stage system (Hexland Instruments Ltd, 
Wantage, UK) was used. The glass cover to the sample wel l 
was removed under l i q u i d nitrogen and the cryo-LM- sample 
holder f i t t e d to a s p e c i a l l y adapted cryo-SEM specimen 
holder. The entire assembly was transferred using a shrouded 
transfer device, to the precooled SEM. Ice was sublimed from 
the specimen surface i n the microscope column, by heating to 
-70 °C f o r approximately 5 minutes. Gold sputte.ring took 
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place i n the specimen tr a n s f e r chamber of the SEM at 1mA, 1.5 
kV f o r 10 minutes, at -140 oC. The microscope was operated 
at 25 kV and micrographs were taken on Kodak FP4 f i l m which 
was developed f o r 8 minutes at 20 i n Microphen, d i l u t e d 
1:1 
RESULTS AND DISCUSSION 
Figure 2 shows the w e l l i n the centre of the cover s l i p , and 
a remaining fragment of the cover. The a l g a l c e l l sample has 
c l e a r l y not been confined to the well and c e l l s and debris 
are evident over a wide area surrounding the entrance to the 
w e l l . 
As the culture medium i n the cryomicroscope specimen s l i d e 
was frozen on the cryo-LM, the ice front could be seen moving 
across the f i e l d of view. This advancing front concentrates 
c e l l s into c l u s t e r s , entrapped between large i ce formations 
(Figure 3a). Figure 3b i l l u s t r a t e s t h i s c l u s t e r i n g e f f e c t as 
seen i n the cryo-SEM. The angular o u t l i n e of these c e l l s i s 
probably an ice packing e f f e c t . 
As the a l g a l c e l l s shrink i n the presence of e x t r a c e l l u l a r 
i c e , extrusions of the plasma membrane can be seen. By l i g h t 
microscopy these appear to be f i n e , club-ended, projections, 
r a d i a t i n g outwards from the c e l l into 'the surrounding medium 
(Figure 4a), Cryo-SEM reveals no such f i n e extrusions when 
c e l l s from within the confines of the w e l l are examined, but 
such observations were made m the regions around the edge of 
the well (Figure 4b), where c e l l s were sandwiched between the 
Goverslips. These c e l l s ^ere grossly deformed and appeared 
flattened and spread against the c o v e r s l i p . The membrane 
projections extended only in the plane of the c o v e r s l i p , and 
only from the flattened regions of the c e l l . However, to 
achieve the best images, c e l l s photographed m the cryo-LM 
are t y p i c a l l y those adjacent to the cov e r s l i p over the w e l l , 
and not those from within the bulk volume. I t should be 
noted that these w i l l be l o s t when the cove r s l i p i s removed 
fo r subsequent cryo-SEM examination. 
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These preliminary experiments using Chlamydomonas r e i n h a r d t i i 
CW15+, a natural protoplast, i l l u s t r a t e s the value of t h i s 
dual-observation technique. The r e s u l t s of e i t h e r a l i g h t 
microscopy or electron microscopy technique, alone might lead 
to serious misinterpretation. I t would appear from cryo-LM 
that formation of f i n e membrane extrusions during freezing 
was a common phenomenon, associated with c e l l shrinkage. 
However, cryo-SEM reveals t h i s type of membrane extrusion 
only where c e l l s are l i k e l y to havebeen i n d i r e c t contact 
with a glass c o v e r s l i p . I t i s l i k e l y that i f low temperature 
SEM was the sole t o o l for i n v e s t i g a t i o n , t h i s phenomenon 
would be disregarded as an artefact, as attention would have 
been focused on c e l l s situated deeper i n the w e l l . As the 
glass cover was necessarily removed p r i o r to cryo-SEM 
observation, the actual c e l l s studied by cryo-LM were 
probably removed with i t . An obvious improvement to the 
technique would be to r e t a i n and examine t h i s glass fragment 
i n the SEM also. The use of marker grids on the coverslips 
should enable the same c e l l to be examined i n both cryo-LM 
and cryo-SEM. 
In samples freeae-fixed following rewarming to 20 oC, many of 
the c e l l s had swollen massively to several times t h e i r 
o r i g i n a l volume (Figure 5a). Electron microscopy revealed 
that the membrane surface of these greatly swollen c e l l s was 
markedly p i t t e d • i n comparison with non-swollen material 
(Figure 5b), a difference i n texture undetected by l i g h t 
microscopy. 
There are drawbacks to the simple method of freeze-fIxation 
employed i n t h i s preliminary study. The glass sample holder 
w i l l insulate the specimen during i t s rapid plunge into 
l i q u i d nitrogen, perhaps preventing i t from cboling at the 
optimal, u l t r a r a p i d rates recommended f o r freeze f i x a t i o n 
(6). 
I t i s common practice to use several techniques of microscopy 
i n a morphological study, but the dual technique described 
here has the advantage that having observed the reaction of a 
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c e l l sample to a p a r t i c u l a r freezing treatment, the same 
population of c e l l s , i n the same state, can be examined by-
scanning electron microscopy Problems of r e p r o d u c i b i l i t y of 
experimental samples are reduced. The technique might be 
extended to study a va r i e t y of stress responses For 
example, by using a l i g h t microscope with a controlled 
d i f f u s i o n stage the ef f e c t s of osmotic stress could be 
examined as f r e e s e - f i x a t i o n can be used to arrest c e l l s at 
any stage during the stress treatment 
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Figure 1. Diagram of glass specimen holder. The cavity i s 
made by boring a 5 mm hole i n the uppermost 
coversl i p , by laser beam. S - specimen, SH = 
glass specimen holder, TC = thermocouple. 
Figure 2. Specimen well as seen i n SEM. Fart of the glass 
fragment cover has been removed. W = we l l , C -
remainder of glass cover. 
Figur'j 3 C e l l s entrapped between ice c r y s t a l s . a) as 
seen i n Cryo-LM, b) as seen i n Cryo-SEM. 
Boundaries between ice c r y s t a l s are evident .(arrows). 
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Figure 4. C e l l s e x h i b i t i n g membrane extrusions, a) as 
seen i n cryo-LM, b as seen i n cryo-SEM. 
Figure 5. Some c e l l s swell massively on thawing. a) as 
seen i n cryo-LM, b) as seen i n cryo-SEH. For 
comparison, a non-swollen c e l l i s seen to the 
ri g h t of the micrograph. 
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